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Abstract
The local wind climate within the urban environment plays a key
role in the removal of heat and pollutants from pedestrian occupied
areas as well as having an impact on pedestrian comfort and safety.
One component of the urban landscape which is often neglected in
the consideration of airflow is tree planting which can constitute a
major component of the built environment. The aim of this research
was therefore to gain a greater understanding into the effect of tree
planting on airflow within street canyons and investigate the use of
CFD modelling in predicting such effects.
This aim was accomplished through the use of CFD modelling and
field measurements of tree-lined and non tree-lined streets. Tree
canopies were represented within the CFD model by porous sub-
domains containing momentum and turbulence sinks. This simple
representation was found to offer favourable comparison against field
measurements and would therefore provide a simple and effective
method for the inclusion of trees within CFD models of the urban
environment.
Results of both the CFD models and field measurements found re-
duced wind speeds at pedestrian level as well as a significant reduc-
tion in vertical wind speeds at roof level within the tree-lined street.
There was also seen to be a significant reduction in turbulence lev-
els within the street containing trees. Based on these findings it can
be concluded that trees are likely to be a useful aid in urban design
helping to reduce high wind speeds and turbulence thus creating out-
door environments which are comfortable and safe for pedestrian use.
However the results also indicate that the addition of trees to streets
can reduce the amount of air exchange at roof top level that occurs
and thus may lead to a reduction in natural ventilation and potential
build-up of pollutants within pedestrian occupied areas.
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There has been an increase in the urban population over the past decades with
cities now housing over half the world’s population. This has led to an increased
initiative towards intelligent urban design which can address the common issues
relating to the outdoor urban environment such as excessive pollution levels, prob-
lems relating to pedestrian safety and comfort and increased energy consumption.
In the quest for urban design which can provide outdoor spaces which are
healthy, comfortable and safe for use by pedestrians the detailed understanding
and accurate prediction of wind effects within these areas is key. For example the
problems relating to excessive pollution levels within cities is often exacerbated
by reduced wind speeds and stagnant airflow. There is therefore a desire to design
urban areas which can provide natural ventilation (i.e. the removal of pollutants
via air exchange with the atmosphere above roof top level) and thus protect
occupants from unhealthy pollution levels. For example in Hong Kong where
pollution has become an increasing problem over recent years, authorities require
that an air ventilation assessment is carried out for any major development, in
which the developer must prove that their development does not have a negative
effect on air ventilation rates in order to obtain planning permission.
The introduction of buildings to the landscape does not always lead to reduced
airflow, in some cases it can cause an increase in wind speeds which can result in
problems with pedestrian safety and comfort. Where buildings protrude above
neighbouring surrounds downdrafts can occur leading to accelerated winds at
ground level. Funneling between narrow gaps between buildings can also lead
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to increased wind speeds. In extreme cases such effects can have dangerous and
potentially fatal consequences, although the more likely outcome of such effects
is to result in environments which are uncomfortable and unsuitable for their
intended use. The potential severe consequences of such wind effects has led to
the introduction of government legislation and local planning policy within the
UK regarding the wind climate impacts of any new major developments.
One component of the urban morphology which can suffer from problems both
relating to wind comfort for pedestrians and high pollution levels is the street
canyon. The airflow occurring within the street canyon has been the subject of
extensive research in the past and it has been shown that the flow varies signif-
icantly with wind direction. A wind direction which is parallel to the street can
lead to channeling and increased wind speeds whereas a wind direction which is
perpendicular to the street can result in rotational vortices which trap pollutants
within the street resulting in poor ventilation.
Opportunities exist to alleviate the problems described by manipulating the
local wind microclimate through urban design. This may be done through: the
adaption of building design such as chamfering of building corners to reduce
excessive wind speeds or through the master plan layout by ensuring the spacing
and orientation of buildings promotes natural ventilation and the removal of
pollutants. One of the most commonly used tools in urban design is tree planting
and soft landscaping as it offers shelter and shade to pedestrians, creating a more
comfortable and aesthetically pleasing environment.
The attempt at manipulating the local micro-climate should be undertaken
with care as the solution to one problem could potentially exacerbate another.
For example the street canyon described may benefit from extensive tree planting
which can provide shelter to pedestrians from adverse wind effects. However this
may have a negative effect on the ventilation within the street and thus has the
potential to lead to increased pollution levels.
Creating a safe, healthy and comfortable microclimate within either an ex-
isting or proposed development through the introduction of tree planting can
therefore become a delicate balancing act between providing significant shelter
from adverse wind effects but also the necessary ventilation to provide satisfactory
air quality. In order to create such environments the following is required:
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• The ability to accurately model and predict the airflow within the complex
built environment
• A fundamental understanding of the effects of tree planting on the airflow
within the built environment along with ability to accurately model such
effects
The ability to accurately model the airflow within the built environment has
been the subject of extensive research over the years with the most common mod-
elling tools being wind tunnel testing and computational fluid dynamic (CFD)
modelling. Wind tunnel tests are a well established and validated method for pre-
dicting wind environment within urban areas and allow for the accurate prediction
of gust effects. The disadvantage of such methods is the high cost involved and
point measurements are generally taken which can make it difficult to interpret
results where complex flow patterns are present.
CFD modelling of airflow within the built environment has become more
common place in recent years. The advantage that CFD has to offer over other
physical methods is that it is comparatively low cost and can provide results with
high spatial and temporal resolution. CFD can be used as a way of informing and
interpreting field measurement data as it can provide a three dimensional picture
of the flow which is not available from a limited number of point measurements
taken in the field. CFD can also be used in isolation as a valuable tool in urban
design for example it can be used to carry out a parametric study of various
landscaping schemes to assess which provides the optimal wind environment.
The accuracy of CFD models is of crucial importance for its effective use as
a tool in urban design. CFD models of the outdoor environment often rely on
the specification of a large array of input parameters with often little information
on the values some of these parameters should take. Therefore the assessment
and reduction of parametric uncertainty is a crucial part of CFD development
for these types of applications. In addition to this, comparison and validation of
CFD methods against field measurements is necessary in order to improve the
ability of such models to accurately predict airflow within the urban environment
however such comparisons are currently hindered by the lack of available field
data.
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The second element in the aim to design comfortable, healthy and safe urban
environments is the ability to accurately predict the effect that tree planting has
on airflow. The effect that trees have on airflow within the urban environment is
currently not well known mainly due to the many variables involved such as tree
shape, foliage density, weather conditions and many others along with a lack of
research in this area. There is a limited amount of research into how to include
the effects of trees within a CFD model and in particular how such models would
compare against field measurements.
In summary the accurate prediction of airflow within the built environment is
vital for understanding issues relating to pedestrian comfort, pollution and con-
taminant dispersal, thermal comfort and energy use. Tree planting and vegetation
constitute a large part of the urban landscape and have the potential to be useful
measures in manipulating the local microclimate to create safe, comfortable and
healthy environments. There is therefore a need to gain a greater understanding
into the fundamental effects urban vegetation has on wind flow within the built
environment and develop reliable and accurate methods for predicting such wind
effects.
This forms the motivation for this research which has the following aims:
• To gain a greater understanding into the effect of tree planting on airflow
within street canyons through the use of field measurements and CFD mod-
elling
• To assess the capabilities of CFD modelling to predict airflow within tree
lined streets through comparison with field measurements
This research focuses on the street canyon as this is one of the most well
studied components of the built environment. Therefore in the quest for a greater
understanding of the effect of tree planting on the built environment this would
seem like the ideal place to start.
1.1 Structure of Thesis
The structure of this thesis is as follows:
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Chapter 1 has provided the motivation behind this research as well as the
aims and structure of the thesis.
Chapter 2 of this thesis gives the background into the subject of airflow
within the urban environment. Starting out by discussing the boundary layer
produced over urban areas, moving on to discuss the airflow patterns specific to
street canyons and finally looking at airflow within tree lined streets.
Chapter 3 takes a more in depth look into the use of CFD in modelling
airflow within the urban environment and the inclusion of trees or vegetation
within CFD as well as a brief summary of the fundamental theory behind CFD
modelling.
Chapter 4 summarises the method and results of a bench-mark test in which
a CFD model of a simple street canyon was created and results compared with
wind tunnel measurements. This allows for the validation of the use of CFD in
the modelling of simple street canyon flow. It is important to determine the lim-
itations of CFD for modelling this type of flow. These limitations will need to be
taken into account when assessing the results of the full scale model. Performing
this study also allowed for the investigation of statistical techniques which could
be used in the assessment of uncertainties within the CFD model in particular
those uncertainties relating to the turbulence model constants.
Chapter 5 summarises the method and results of the field measurement cam-
paign which took measurements of wind velocities in two neighbouring streets in
South London. The aim of the field measurements was to assess the airflow pat-
terns, velocity and turbulence levels taken for a non-tree lined and tree lined street
and use these results to improve our understanding on the effect tree planting
can have on airflow within street canyons.
Chapter 6 discusses the method undertaken to carry out CFD modelling of
both tree-lined and non tree-lined full scale street canyons. The results of these
studies are then discussed in comparison with the field measurements to assess the
ability of CFD to model flow both within a complex street canyon under variable
wind conditions and airflow within a tree-lined street canyon. The results are also
used to further our understanding of airflow within a street canyon containing
tree planting.
5
Chapter 7 provides a discussion on the main findings of this research and
how these relate to the original aims set out and the motivation of the research.
In addition the limitations of the research are discussed.




Airflow within the Urban
Environment - A Review
The environmental issues relating to pollution, pedestrian comfort and energy
efficiency within cities have been discussed in the introduction to this thesis.
Wind flow within the city plays a key role in regulating pollution levels, heat and
energy use through the process of ventilation. Understanding airflow within the
built environment has therefore become a popular area of research with the aim to
help facilitate healthy urban design and offer solutions to existing problems such
as high pollution levels, uncomfortable wind environmnets and excessive energy
consumption.
As Oke [1988] explains in his summary on guidelines for effective street design,
urban designers and city planners are faced with a range of problems which
often have contradictory solutions. For example the aim to reduce pollution
levels via maximising ventilation of outdoor spaces may result in increased wind
speeds which are uncomfortable for pedestrian use or the excessive removal of
heat from buildings which leads to increase energy usage. Oke [1988] goes on to
provide some initial guidelines on street spacing and density which can offer a
compromise between these conflicting aims. He concludes by noting that many
modern city design such as those in North America do not conform to these guides
and comprise of two extremes - the city which is densely packed and contains
many high rise buildings and the suburbs which are scattered and sprawling. The
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increased shelter within the city effects the pressure coefficients on the external
facades of buildings resulting in a decreased opportunity for natural ventilation
within the buildings and thus a potential increase in cooling loads and energy
consumption. The other extreme is the suburbs in which very little shelter can
lead to excessive removal of heat from homes and thus increase heating demands.
In an attempt to gauge a city or urban region’s effectiveness at self-ventilation
Hamlyn and Britter [2005] analysed the exchange velocity at canopy level above
arrays of cubes with various packing density. The exchange velocity is defined
as the average velocity for transfer of mass into or out of the urban canopy.
They found that the greater the packing density the lower the exchange velocity
implying that urban areas with high density have reduced effectiveness in the
dispersal and removal of pollutants and heat from street level.
Panagiotou et al. [2013] extended the work carried out by Hamlyn and Brit-
ter [2005] through the investigation of the flow exchange processes within a real
neighbourhood area of London. CFD modelling of this case study found higher
exchange velocities than those found by Hamlyn and Britter [2005] and other
researchers who had studied homogeneous building blocks. It was suggested that
the inhomogeneous layout of the buildings along with the inclusion of tall build-
ings helped aid the exchange process of mass and momentum at canopy level and
thus more breathable cities.
Although the tall buildings in Panagiotou et al. [2013] study were found to
be an aid in pollution dispersion, the addition of tall buildings to cities are the
most likely cause of accelerated winds which create problems regarding pedes-
trian comfort and safety. This was noted by Blocken et al. [2007] in their review
of pedestrian wind environment around buildings in which they showed that past
studies have indicated that for a single high rise building corner streams and
frontal vortex are the most important causes for wind nuisance. Other problem-
atic areas that were highlighted were passageways through or between buildings.
They conclude by suggesting that solving wind environment problems after the
design has been finalised is difficult, expensive and in-effective. Therefore wind
environmental conditions should be taken into account during and even before
design stage. They also stress that if CFD is to have a future in prediction of
pedestrian wind environment validation is needed and highlight the lack of data
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currently available to preform such tasks.
2.1 Street Canyon Flow
One important component of the built environment morphology is the street
canyon. This is defined as a street which is continuously flanked by buildings on
both sides. In order to understand the environmental issues within a street canyon
such as pollution dispersion and pedestrian comfort we must have a detailed
understanding of the airflow present within the street. For this reason the regular
street canyon has become one of the most commonly studied components of the
built environment.
This section of the literature review will take a more detailed look at how
researchers have investigated street canyon flow in the past and the main findings.
The typical flow features within a street canyon are mainly dependent on two
factors, namely: the background wind direction and the street geometry. We will
discuss each of these in turn.
2.1.1 Wind Direction
The wind direction relative to the street axis can be divided into three categories:
perpendicular, parallel and oblique.
Street canyons subject to perpendicular wind conditions are the most com-
monly studied wind direction as this represents the worst case in terms of pollu-
tion removal from the canyon. Under such conditions some typical flow features
we would expect to see for a symmetrical regular street canyon would be: flow
separation and reattachment at the upwind roof, flow impingement in front of the
upwind building with a stagnation point forming at approximately half the height
of the building, a slow moving elongated vortex forming behind the downwind
building and a rotational vortex or vortices formed within the street canyon [Oke,
1988]. The numbering and positioning of these vortices will be dependent on the
street geometry which will be discussed in the following section.
It has been shown that the rotational vortex or vortices within the street are
not present when the background wind speeds are low. Analysis of the velocity
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measurements taken within a street canyon, DePaul and Sheih [1986] demon-
strated the presence of a primary rotational vortex within the canyon. They
found that this vortex was only present for wind speeds exceeding approximately
1.5 m/s - 2m/s.
In the presence of a rotational vortex we would expect to see negative vertical
velocities on the downwind side of the street (downdrafts) and positive vertical
velocities on the upwind side of the street (updrafts). This was demonstrated
by DePaul and Sheih [1986] who showed a negative w velocity on the downwind
side of the street with a peak velocity occurring at approximately 2/3 the height
of the street and positive vertical velocity on the upwind side of the street with
a peak velocity occurring at approximately half the height of the street. The
vertical velocities were found to be larger on the downwind side of the street,
this is common in street canyon flow under perpendicular wind conditions as
momentum is lost as the flow moves across the street.
Under perpendicular wind conditions flow over an isolated street canyon re-
sults in a shear layer being shed from the corner of the upwind building. This
results in a peak in turbulence kinetic energy above the upwind roof top which is
advected downstream via turbulence transport. The shear layer spreads vertically
with energy being advected from the core of the shear layer down into the street
canyon. The turbulence kinetic energy (TKE) levels within the street canyon are
highest on the down wind side of the street and reduce with height within the
street.
There is less research available for flow within street canyons under parallel
wind conditions compared with perpendicular conditions. It has generally been
noted that for flow under parallel conditions the wind is channelled along the
street leading to a strong horizontal flow [Louka et al., 2000]. Yamartino and
Wiegand [1986] found that under parallel winds the along street wind component
was directly proportional to the above-roof wind component parallel to the street
with the constant of proportionality a function of the approach flow azimuth.
They also provided a simple description of the along canyon velocity v in terms
of a logarithmic profile with height.
Under an oblique wind direction the wind within the street canyon is known
to form a helical or corkscrew like pattern. Field measurements carried out by
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Eliasson et al. [2006] showed a persistent elliptical helix pattern which was rotated
with respect to the ambient wind direction and noted that this type of flow pattern
is typical when the wind direction is at least 30 degrees off parallel.
This type of flow pattern can be thought of as the linear superposition of a
channelling of the wind described for parallel wind conditions and rotational vor-
tex described for perpendicular wind conditions. Analysis of in street and above
street wind components from the field measurements taken by Dobre et al. [2005]
showed the the along street chanelling is linearly dependent on the component of
the above-roof wind parallel to the street and the across-street rotational vortex
depends linearly on the component of the above-roof wind perpendicular to the
street.
2.1.2 Street Geometry
All investigations presented up until now have looked at street canyons which
contain buildings with flat roofs. It is important to consider the effect different
roof geometries have on airflow as the geometries in real city landscapes are
highly inhomogeneous. Kastner-Klein et al. [2004] investigated the effect pitched
roofs had on airflow patterns. They found that the addition of pitched roofs
prevented the formation of the typical vortex you would find in street canyons
with flat roofs. A recirculation zone forms from the downwind roof top across to
the upwind rooftop above the street (see Figure 2.1). The flow within the street
canyon becomes almost stagnant since there is little vertical mixing between the
canyon and the flow above.
However in contrast to this, field measurements conducted by Louka et al.
[1998] showed the influence roof shape could have on turbulence and mixing
within the street. They found that comparison of the velocity spectra produced
by a pitched shape roof with a flat roof showed that the pitched roof resulted
in more energetic eddies and greater turbulence intensities and concluded that
roof shape is an important factor in mixing the air within streets and pollution
dispersion.
The aspect ratio of a street which is the building height divided by the street
width (H/W) has been shown to have a dominant effect on flow patterns. Wind
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flow patterns within idealised street canyons with airflow perpendicular to the
street direction can be categorised into 3 regimes depending on their aspect ratio.
If the street is wide i.e. H/W<0.3 then the flow fields surrounding the buildings on
either side of the street do not interact this is known as an isolated roughness flow
regime [Oke, 1988]. For larger aspect ratios (0.3<H/W<0.7) wake interference
flow regimes occurs. The wake behind the leeward building interacts with the
recirculation in front of the windward building [Li et al., 2006]. For narrow
streets with tall buildings (H/W>0.7) a stable recirculation zone is formed inside
the street canyon and there is little air exchange at roof top level leading to very
poor ventilation within the canyon particularly towards the bottom of the street.
This is known as a skimming flow regime [Oke, 1988]. This is shown graphically
in Figure 2.2.
For particularly narrow streets (H/W>1.4) a secondary minor vortex can form
in the canyon. This was demonstrated by Kovar-Panskus et al. [2002]. Numerical
modelling and wind tunnel experiments were used to examine the effect varying
the aspect ratio had on the flow patterns within the canyon. They found that for
canyons with aspect ratios H/W>1.4 a secondary recirculation region forms near
the ground next to the downstream wall. Chang and Meroney [2003] also found
that for H/W = 1 and perpendicular wind direction there will be two circulation
flows within the street with the upper one flowing clockwise and the lower one
anti-clockwise.
Internal obstacles within the street canyon, such as trees, stationary cars
and low walls can cause significant changes in airflow patterns and pollution
dispersion.
McNabola et al. [2009] carried out a CFD simulation of street canyons con-
taining low boundary walls and found that the addition of these walls reduced
pollution concentration levels. The extent of these reductions depended on the
location of the boundary walls within the canyon, the street geometry and wind
direction. In the case of perpendicular wind direction the air flow pattern within
the canyon was significantly altered by the addition of a central boundary wall
with additional vortices being formed on the leeward side wall.
A wind tunnel experiment conducted by Gayev and Savory [1999] used vertical
cylinders to model internal roughness within a street canyon. Results show the
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addition of the obstacles increased turbulence and ventilation within the street
canyon. The local intensity of velocity fluctuations were seen to increase by up
to 200% when the obstacles were added to the street canyon.
2.2 Effect of Tree Planting on the Urban Envi-
ronment
The benefits of the addition of trees to urban areas are known to be wide reaching.
By changing the aesthetics of their surroundings they have been shown to have
a social and psychological beneficial effect on a city and its residents. They also
have a significant effect on their local microclimate, impacting the wind flow and
mass and heat transport. The impact trees have on the urban environment has
thus become a popular area of research over recent years.
In a study conducted by Dimoudi and Nikolopoulou [2003] into the thermal
impact of tree planting on the urban environment it was shown that trees were
able to reduce the urban heat island effect through the process of shading and
evapotranspiration this in turn led to an improvement of outdoor thermal comfort
and reduction in energy use of surrounding buildings.
The addition of trees to cities are also believed to have a beneficial effect on
pedestrian wind comfort. Trees are one of the most extensively employed tools
in urban design and landscaping to reduce high wind speeds and provide wind
environments which are suitable for pedestrian use and thus satisfy planning
requirements. Despite their prevalence in urban design the quantification of the
effect of trees on wind and how this relates to pedestrian comfort has not been
well studied. If trees are to be used as an effective tool in landscape design as a
way to provide comfortable local wind microclimates then this is a topic which
requires much more attention.
Unlike the effect of trees on pedestrian comfort the relationship between trees
and urban pollution is a well-researched topic. Beckett et al. [1998] looked at the
role of vegetation and urban woodland in reducing particulate pollution. They
found that the large leaf area and the surface properties result in large reduction
in particulate matter due to the depositions on the tree surface. They also found
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that the local wind speed had an effect on the process of deposition with higher
wind speeds resulting in much lower deposits on the tree surface due to the greater
likelihood of particles to bounce off rather than remain attached to the surface.
Deposition is not the only process by which trees can remove pollutants from
the air. Pollutants can also be removed through uptake via the leafs stomata.
Novak estimated that US urban trees were responsible for the removal of approx-
imately 711000 tons of pollution annually through this process.
In contrast to the beneficial effect of tree planting on pollution described in
the previous two studies, a study carried out by Gromke et al. [2008] highlighted
the negative effect tree planting within street canyons can have on ventilation.
In a wind tunnel experiment of two streets one tree-lined and one non tree-
lined concentration levels of a passive gas were measured. It was found that the
concentration levels on the tree-lined street were higher due to presence of the
trees reducing the ability for natural ventilation.
Based on the studies described above it is clear that if we are to maximise the
beneficial effects of trees and minimise any potential negative effects we need a
clear understanding of effects trees have on wind flow within the urban environ-
ment.
2.2.1 Aerodynamic Effects of Tree Canopies
The airflow pattern surrounding a tree can be characterised by a decrease of
mean horizontal wind speed within and behind the canopy [Foudhil et al., 2005],
[Endalew et al., 2009]. This decrease is caused by momentum from the flow being
absorbed by form drag and skin friction as the air moves through the branches
[Raupach and Shaw, 1982]. The wind speed increases above and to the sides
of the canopy as well as around the trunk [Foudhil et al., 2005], [Gross, 1987],
[Leenders et al., 2007]. A wake region develops downwind of the tree. The wind
speed in this region is less and in most cases the wind direction reverses forming
a recirculating eddy. The size and strength of this eddy depends on the density
of the foliage and the geometry of the tree [Gross, 1987]. This can be seen
graphically in Figure 2.3.
The geometry of the tree has an important impact on the airflow character-
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istics. [Gross, 1987] found that varying the dimensions of a cone shaped tree
affected the dimensions of the eddy formed on the leeward side of the tree. As
the diameter of the tree was increased the width of the area containing nega-
tive airflow increased. Increasing the height caused an increase in the depth and
length of the eddy. Changing the tree shape from a cone to a ball showed that
the ball shaped was a more pronounced obstacle causing the wake region to be
nearly twice the size of that produced by the cone shaped tree.
Trees can have a number of effects on turbulence levels. The moving branches
within the tree canopy store mean kinetic energy as strain potential and release it
as turbulence kinetic energy [Raupach and Shaw, 1982]. Wakes form in the lee of
tree elements increasing turbulence levels. Large scale turbulence is broken down
into smaller scale turbulence which rapidly dissipates, decreasing the overall TKE
levels.
Within forests the turbulence intensity is greatest within the tree canopy and
smallest around the trunk. The intensity levels are affected by the density of the
canopy. For deciduous trees turbulence levels will increase during summer when
the tree canopy is more dense and decrease in the winter months [Cionco, 1972] .
This can be seen in the results from an experiment by [Tourin and Shen, 1966].
Measurements were made in a deciduous forest 17m in height. At a height of
10m turbulence intensities were found to be approximately 53 % during winter
and 77% during summer. This 45% increase in turbulence intensity highlights
the effect foliage can have on airflow.
Although turbulence levels have been noted to increase inside the tree canopies,
the effect of trees on turbulence levels outside the canopy can be quite different.
Studies into the effects of windbreaks on airflow have shown that a ’quiet zone’
develops in the lee of the windbreak in which turbulent velocity fluctuations are
found to reduce compared with the approach flow. [Heisler and Dewalle, 1988]
found that this zone extended from a line beginning near the top of the windbreak
to ground level at a distance 8H, where H i the height of the windbreak, in the
lee of the windbreak. They also found that magnitude of the turbulent velocity
fluctuations were inversely proportional to the porosity of the windbreak.
Loeﬄer et al. [1992] measured wind speeds behind nine windbreaks to inves-
tigate the effect optical porosity of the windbreaks had on wind speed reduction.
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Results showed that a decrease in porosity led to a decrease in the minimum wind
speed and suggested that optical porosity can be used to predict minimum wind
speed behind windbreaks. Endalew et al. [2009] also found that porosity of the
tree canopy had a significant effect on wind speed. Using CFD simulations he
found there was a ten fold reduction in wind speed for trees with dense canopies
compared with leafless canopies. The effect of varying canopy densities was ex-
plained by Grant and Nickling [1998] using the analogy of flow regimes. As the
air passes through the canopy the flow around each element forms a wake. These
wakes interact with each other and extract momentum from the flow. As the
porosity increases the distance between each element increases and therefore the
interaction between the wakes surrounding the elements becomes less reducing
the amount of momentum lost.
2.2.2 Airflow within Tree-Lined Street Canyons
Gromke et al. [2008] performed wind tunnel experiments to investigate the effect
of avenue-like tree planting on airflow within urban street canyons. Porous and
non porous tree canopies were modelled using a rectangular Polyurethane foam
block and a Styrofoam block respectively. They were located in the centre of the
street and took up approximately 1/3 of the street canyon volume. Results showed
a reduction in ventilation within the street canyon. There was still evidence of a
vortex forming within the canyon but this was reduced towards the outer regions
of the canyon leading to lower ventilation rates. A large reduction in velocity
was found at the leeward wall and a small reduction on the windward wall. The
vertically entering flow rate at the roof top was also reduced.
Czder et al. [2009] recreated the same wind tunnel experiment using a numer-
ical model the set up was tested for an oblique wind direction of 45 degrees to
the canyon axis. Detailed analysis of the wind flow patterns showed the addi-
tion of vegetation caused the canyon vortex to split up into two main parts. An
eddy forms on the leeward wall and further downstream on the windward wall a
slow clockwise rotating vortex forms. This results in a reduction in the natural
ventilation of the street canyon leading to higher pollution concentration levels.
Amorim et al. [2013] investigated the impact of urban trees on the dispersion
16
of CO emmited by road traffic through the use of both CFD modelling and field
measurements. Results of the CFD model predicted an increase in CO levels
under a wind direction of 45 degrees due to reduced exchange of air at roof top
level. However, they found a decrease in CO levels under a parallel wind direction
although hot spots of increased pollution were identified due to trees causing a
re-arrangement of vortical flow structures within the street. Field measurement
montioring sites were found to be located within these hotspots and therefore
gave a false impression of increased pollution level for the entire street. Amorim
et al. [2013] highlighted the importance of using a combination of CFD techniques
and field measurements to provide a full picture of the complex and spatially
dependent air flow and pollution dispersion within tree-lined streets due to the
combined effect of trees and complex street geometry.
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Figure 2.1: Velocity on central vertical plane of isolated street canyon with three
different roof configurations. Mean velocity field is represented by vectors and
colour shows normalised variance of the u-velocity component. [Kastner-Klein
et al., 2004]
Figure 2.2: The flow regimes associated with airflow over buildings of increasing
H/W. [Oke, 1988]
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Figure 2.3: Streamlines of horizontal airflow 1m above ground. The contour of
the tree is dotted, the dashed line indicates the region where the u velocity is less
than zero. [Gross, 1987]
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Chapter 3
CFD modelling of Airflow within
the Urban Environment:
Fundamentals and Background
Computational Fluid Dynamics or CFD is a computational tool used in the mod-
elling and prediction of fluid flows. Since its inception in the 1970’s it has been
used to study a wide variety of flows across many disciplines and industries. In
recent years it has become more popular in modelling outdoor airflow within the
built environment and has the potential to be an extremely useful tool to aid in
design of urban areas provided the numerical models used are well validated.
This chapter will expand on the background given in Chapter 2 with a focus
on how CFD techniques have been used in the past to model the urban boundary
layer, airflow within street canyons and flow through tree canopies and vegetation.
In order to commence this detailed discussion on the use of CFD modelling of
airflow within the built environment it is first necessary to have an understanding
of the basic theory and processes underlying CFD techniques. This chapter will
therefore begin with a brief description of the basic principles regarding CFD
modelling. This is to aid understanding and provide context to the later discus-
sions on the use of CFD modelling for the built environment. There are many
detailed works on CFD theory such as Tu [2008] [Versteeg, 2007], which may be
referred to if a more in-depth explanation of the mathematical theory behind
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CFD is required.
3.1 Introduction to CFD
3.1.1 Governing Equations
The process of CFD involves the discretization of a flow field both temporally
and spatially. This is when the field properties such as pressure and velocity
are approximated at a number of locations within the flow field. In order to do
this the equations which represent the fluid flow must be discretized by algebraic
approximations.
Different methods for discretization exist such as finite element, finite differ-
ence and finite volume. Here we will consider finite volume as this is the method
used by the software Ansys CFX which will be used throughout this PhD. The
advantage of this method over others is it allows for a wide range of geometry
and fluid phenomena to be modelled [Aspley, 2014].
The flow field of a fluid can be described by equations based upon the physical
conservation principles as follows:
• conservation of mass
• conservation of momentum
• conservation of energy
Conservation of Mass
Considering the change of mass within an arbitrary volume and employing
the physical principle of mass conservation we arrive at the following:
rate of change of mass within volume + net outward mass flux = 0 (3.1)
This expression can be written in differential form by considering an infinites-








This is also known as the continuity equation [Aspley, 2014].
Conservation of Momentum
The total change of momentum for a fluid passing through a control volume
can be thought of as the rate of change of momentum inside the volume plus the
net outward momentum flux. Applying Newtons Second Law which states that
the rate of change of momentum is equal to force we get the following expression:
Rate of change of momentum in a volume + net outward momentum flux = force
(3.3)












This is the Navier-Stokes equation [Aspley, 2014].
Incompressible Flows
When simulating flow for the outdoor urban environment the flows can of-












+ µ∆2ui + fi (3.6)
3.1.2 Grid Generation and Grid Independence
In order to analyse fluid flows using CFD a mesh must first be created. This
process involves descritizing the computational domain into smaller volumes or
“cells”. The governing equations are then solved for each of these cells. The
process of mesh generation can affect the accuracy of the CFD output as well
as the rate of convergence and computational time required to obtain a solution.
It is therefore recommended that a mesh sensitivity test be carried out before
running any CFD simulation. This involves testing different size meshes until
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little or no variation is found in the output of the CFD model.
3.1.3 Wall Treatment
In CFD a wall function is often used to model the flow in the region closest to




ln(y+) + C (3.7)









Where ut is the known tangential velocity at a distance ∆y from the wall, u
∗
is the frictional velocity in the wall region and v kinematic viscosity.
When modelling flow over an urban region it may be necessary to specify a
ground roughness without explicitly modelling the geometry of the underlying
roughness. This can be incorporated into the wall function. Ground roughness
can be incorporated into a model by either specifying a roughness length z0 or
a sand grain roughness height Ks. Most commercial CFD software use sand
grain roughness to modify the wall boundary conditions. This assumes that
the wall is covered in tightly packed spheres. The height of these spheres is
called the sand-grain roughness height Ks. The sand-grain roughness (Ks+) is
a dimensionless quantity which is found by dividing the sand grain roughness









The difference between Ks and Ks+ is that the first is a geometrical quantity and
the later is a flow quantity as it is dependent on u∗ and v.
This sand-grain roughness is used to adapt the wall function. The wall rough-
ness causes turbulence in the shear layer and shifts the logarithmic profile down-
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ln(y+) +B −∆B(Ks+) (3.11)
Where B=5.2. For fully rough regimes such as flow over urban areas the





As shown by V. A. Ioselevich [1974].
Combing equation 3.11 and equation 3.12 we get the modified logarithmic law








Each CFD commercial software will have its own version of this wall function.
For the case of Ansys CFX [Ansys, 2009] which is being used here the logarithmic









Turbulent flow is characterized by random fluctuations of velocity. It is possible to
model turbulent flow within CFD without any adjustments to the Navier-Stokes
equations. This type of simulation is known as direct numerical simulation (DNS)
and is prohibitively computationally expensive. Turbulence models used within
CFD simulations enable the capture of the main features of the flow without hav-
ing to explicitly model all the details of the turbulence, thus saving on computer
costs.
Large eddy simulations (LES) save computing time compared with DNS by
explicitly resolving only the large and most important turbulent eddies in the
flow and approximating the smaller scale turbulence. However this technique
is either still out of reach for simulation of the outdoor environment, or when
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computational power is available, is very difficult to tune, which may make it
imprecise, see Blocken et al. [2011] and references therein.
We can reduce the amount of computing power needed by focusing on the
mean properties of the flow. This results in the Reynolds-Averaged Navier Stokes
(RANS) equations. These equations contain correlations of the fluctuating veloc-
ity components u′iu
′
j which are known as the Reynolds stresses. The turbulence
model is a way of closing the RANS equations by approximating the Reynolds
stress.
A popular choice of RANS model is the Standard k-ε turbulence model. The
formulation of this model is as follows:
The Reynolds stresses u′iu
′
j are related to the shear stress of the flow, τ , by
the following equation:
τ = −ρu′iu′j (3.15)
where ρ is the density of the fluid. We can find the value for τ , and hence u′iu
′
j,












where µt is the turbulence viscosity and δij is the kroneckar delta. In the case of





where Cµ is a model constant [Jones and Launder, 1972].
By solving the following differential equations for the turbulence kinetic en-











































where σk, σε, Cε1, Cε2 and Cµ are all empirical model constants. The default
values for these constants in most commercial CFD softwares, including ANSYS
CFX used here, are shown in Table 3.1. These values were found through data
fitting for a wide range of flows [Launder and Spalding, 1974].
Table 3.1: standard values used for model constants
Cµ Cε1 Cε2 σε σk
0.09 1.44 1.92 1.3 1.0
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3.2 CFD Modelling of the Atmospheric Bound-
ary Layer
The first section of this Chapter discussed the theoretical framework of CFD, in
the second half of this Chapter we will take a look at how CFD has been applied
in practice for use within the built environment.
In order to accurately model the airflow within the built environment using
CFD it is first necessary to create the correct boundary layer flow conditions.
Accurate simulation of the atmospheric boundary layer within CFD is a complex
problem which brings with it many complications. This section will take an
indepth look at some of the previous problems faced by researchers when trying
to replicate both a full scale urban boundary layer and a boundary layer created
within a wind tunnel experiment.
3.2.1 Problems Faced when Modelling the Urban Bound-
ary Layer using CFD
Computational Fluid Dynamics is regularly used to model the atmospheric bound-
ary layer. This can be used in urban areas to investigate processes such as pol-
lution dispersion, pedestrian comfort and wind effects on buildings. To gain
an accurate representation of a horizontally homogeneous atmospheric boundary
layer within CFD, profiles must be specified for velocity and turbulence at the
inlet of the computational domain.
The main problem encountered when trying to model a horizontally homoge-
neous atmospheric boundary layer is the flow profiles have a tendency to change
rapidly as they move downstream. Figure 3.1 shows results taken from a study
carried out by Blocken et al. [2007] who performed a CFD simulation of atmo-
spheric boundary flow in an empty domain. It shows velocity, turbulence kinetic
energy and turbulence dissipation profiles taken at the inlet along with profiles
taken 100m, 1000m and 10000m downstream of the inlet. The profiles are shown
up to a height of 50m. The results show a clear acceleration in velocity profiles
close to the ground as well as decay in turbulence kinetic energy and dissipa-
tion profiles. By the time the flow reaches the area of interest the profiles have
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Figure 3.1: Results taken from Blocken et al. [2007] illustrating the stream-wise
gradients present in vertical profiles for mean wind speed (left), turbulence kinetic
energy (centre) and turbulence dissipation (right)
deviated from those specified at the inlet.
3.2.1.1 Suitable Inlet Boundary Conditions for Urban Boundary Layer
Flow
The acceleration in the velocity at ground level and a decay in turbulence profiles
as we move downstream occurs when the boundary conditions are not consistent
with the turbulence model and its associated constants [Richards and Norris,
2011]. In the case of the standard k-ε turbulence model, which will be used here,
the velocity, turbulence kinetic energy and turbulence dissipation profiles specified
at the inlet must satisfy the transportation equations for TKE and turbulence
dissipation (equations 3.18 and 3.19).
In order to overcome this problem Richards and Hoxey [1993] derived inlet
boundary conditions which satisfied the k-ε turbulence model. To do this they
simplified equations 3.18 and 3.19 by assuming that the atmospheric boundary
layer could be modelled as a horizontal homogeneous turbulence surface layer











where u(z) is the velocity at height z, u* is the frictional velocity, z0 is the surface
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Where k is the turbulence kinetic energy, Cµ is one of the model constants con-





Where ε is the turbulence dissipation.
These equations satisfy the standard k-ε model if the following relationship







The Richards and Hoxey [1993] profiles are commonly used when simulating
flow over an urban region due to their ease of implementation and the fact that
horizontal homogeneity can be achieved. However, research has shown that com-
parisons of these profiles with either real life atmospheric boundary layer data or
wind tunnel data showed an under-prediction of TKE, and also found TKE to be
non-uniform with height, which is not reflected in the profiles.
In an effort to find inlet conditions which both satisfied the standard k-ε
model and gave a good match with available boundary layer data, Yang et al.
[2009] derived a new set of inlet boundary conditions which were an approximate

























Aln(z + z0) +B (3.26)
The constantsA andB can be found through non-linear fitting of experimental
data for boundary layer flow.
Gorl et al. [2009] noted that these equations only satisfy the TKE conservation
equation and in order to satisfy the momentum and dissipation conservation
equations the following relations for the k-ε model constants must hold
Cµ =
u4∗






This raises the problem that two of the k-ε model constants become a function
of height and therefore are no longer constants. Such an adaption of the constants
is not supported by all commercial softwares. Richards and Norris [2011] also
comment on the fact that this non-standard version of the k-ε model has not
been thoroughly tested for uses such as wind engineering applications.
Both sets of profiles require that the k-ε model constants must be altered in
order to maintain a homogeneous boundary layer profile. There will be a more
in depth discussion on the choice of k-ε model constants and how they effect the
CFD output in the section 4.1.4.
We have discussed here the problems relating to the standard k-ε model and
the fact that boundary conditions and turbulence model must be consistent how-
ever, this is not a problem that is just confined to the standard k-ε the same
restriction apply to all turbulence models as discussed in the paper by Richards
and Norris [2011] in which inlet profile equations are derived for RNG k-ε, Wilcox
k-ω and LRR QI turbulence models.
3.2.1.2 Sand Grain Roughness and the Wall Function Model
Problems with stream-wise gradients in boundary layer profiles are not only
caused by inconsistent boundary conditions but also incorrect modelling of the
aerodynamic roughness.
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Having carried out extensive research on the topic of appropriate sand grain
roughness for the atmospheric boundary layer Blocken et al. [2007] found the
following relationship between the sand grain roughness height and the roughness
length, z0.
Ks = 30z0 (3.29)
3.3 CFD Modelling of Street Canyon Flow
CFD modelling has been increasingly used as a tool in the prediction of street
canyon flows within recent years due to its ability to provide a fully three di-
mensional picture of the airflow patterns. In order for CFD modelling to be
reliably used to predict flow within the built environment it must be validated
against field measurements and experimental testing. This section of the thesis
will therefore discuss previous studies which have looked at the capabilities of
CFD in accurately predicting street canyon flow.
The choice of turbulence model is important when modelling street canyon
flow as correct prediction of turbulence quantities within the street canyon are
essential for correctly modelling the dispersion of pollutants within these areas.
The most commonly used turbulence model for street canyon flow is the Standard
k-ε model. Since its inception four decades ago it has won favourability amongst
the CFD community due to its simplicity, robustness and reasonable accuracy
and become the industrial standard for modelling outdoor flow [Kim and Boysan,
1999]. It has the advantage over other more sophisticated turbulence model in
that the only prior knowledge of the turbulence conditions is the initial conditions
and it also requires relatively little computational time compared with other
turbulence models [Lien et al., 2004].
With regards to its performance for street canyon flows it is shown to give
a good qualitative comparison against experimental data and capture the main
flow features. This was demonstrated in an investigation carried out by Lien
et al. [2004], which simulated flow over 2-D rectangular building array comparing
different variation of the k-ε model. These results were then compared with
detailed data taken from a wind tunnel investigation. They showed that the
Standard k-ε model was able to predict most of the qualitative features in the
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flow field over and within the building array. The separation zone where the flow
detaches from the windward roof top edge was correctly predicted along with the
absence of this separation zone on the subsequent rooftops. It also gave a good
prediction of the single recirculating vortex within the street canyon. They found
the quantitative agreement of stream wise velocity profiles to be well predicted
throughout most of the flow domain.
Although the Standard k-ε model is able to predict the location of the sep-
aration zone above the upwind roof Lien et al. [2004] and Speziale [1987] found
that the model has a tendency to under-predict the reattachment length for sep-
arated flows. In this type of flow the Reynolds stresses are highly anisotropic and
also highly influential on the velocity fields. The incorrect assumption within the
formulation of the std. k-ε model that the Reynolds stresses are isotropic thus
results in incorrect flow predictions.
The Standard k-ε model is also noted to have problems when dealing with
flows containing impingement. It is common to see an over prediction of TKE
at the stagnation point on the upwind face of a bluff body or building. This
problem again arises from the Standard k-ε model inability to capture normal-
stress anisotropy. This is commonly referred to as the stagnation point anomaly
[Murakami, 1993].
Although many studies have shown this over-prediction of TKE when impinge-
ment occurs infront of a bluff body, there are many CFD studies on street canyon
flow which show an under-prediction of TKE at street level and also above the
roof top of the upwind building. Lien et al. [2004] gave two main reasons for this
under-prediction. Firstly the Standard k-ε model inability to account for stream-
line effects on turbulence production in particular the strong concave streamlines
which form upstream of the upwind building. This source of TKE is not captured
by the Standard k-ε model and therefore leads to an under prediction of TKE
at street level. Secondly the oscillation of the high shear layer above the build-
ings roof tops not being effectively captured by the Standard k-ε model, which is
displayed as an under-prediction of the TKE peak just above roof top level.
Solazzo et al. [2009] identified a lower rate of vertical mixing in the shear layer
as being a contributing factor to the under-prediction of TKE at street level and
attempted to remedy this problem by modifying the diffusive model constants σ
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and σk which resulted in a larger spread of TKE in the shear layer and a reduction
in the under prediction of TKE within the street canyon.
3.4 CFD Modelling of Vegetation and Trees
Airflow through a tree canopy is complex, 3-dimensional and highly inhomoge-
neous. This section of the thesis will look at how researchers have incorporated
such complex systems into their CFD models in the past as well as how to deter-
mine the constants required in specification of tree models such as drag coefficient
and leaf area density.
To directly model a tree using CFD would be extremely computationally
expensive therefore it is common to take the spatial average of the properties
of interest within the plant canopy. Raupach and Shaw [1982] demonstrate the
spatial averaging technique on the governing equation of the flow. This results in
additional source and sink terms within the momentum and turbulence equations.
The physical meaning of such terms can be described as follows:
A sink term, Su, can be added to the equation for momentum due skin
friction and form drag extracting momentum from the flow
A source term, Pk, can be added to the TKE equation to account for the
wakes forming behind the canopy which convert mean kinetic energy into
turbulence kinetic energy thus adding to the overall TKE budget
A sink term, Lk, can be added to the TKE equation as there is a short
circuiting of Kolmogorav Scale in which large scale turbulence is broken
down into smaller scale eddies which dissipate rapidly, this leads to a loss
in the TKE budget
Raupach and Shaw [1982] derived a numerical form for these equations based
on the drag coefficient and leaf area density of the tree to be modelled. These
are as follows:
Su = −ρCdLADu2 (3.30)
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where Cd is the drag coefficient and LAD is the leaf area density. This term
only takes into account form drag as viscous drag is assumed to be negligible in
comparison [Raupach and Shaw, 1982]. Equation 3.30 is often re-written using





The source term, Pk, relating to the production of TKE by the wakes formed




The sink term, Lk describing the turbulence loss due to the short circuiting
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βp is the fraction of kinetic energy converted to turbulence kinetic energy by
drag, βd is the dimensionless coefficient to account for the short-circuiting of the
turbulence cascade.
Since the turbulence kinetic energy and the rate of dissipation are linked we
can not alter one without changing the other. The source term to be added to
the dissipation rate equation is perhaps the least well understood of the three
source terms [Katul et al., 2004]. Green et al. [1995] derived such a term from





This was then adapted by Liu et al. [1996] to improve experimental predictions
34







U3 − Cε5βdUε) (3.36)
where Cε4 and Cε5 are closure constants




























where α′ = 0.05 is a constant related to the mixing length model. Using these
relation the only values that need to be obtained are for βp and the form drag,
Cn.
There have been many different variations of the canopy model prescribed
above. Mochida et al. [2008] categorised the different modelling approaches re-
searchers had taken in the past. They then went on to test two of these canopy
models in more detail, looking specifically at how alterations to some of the
model coefficients affected the output of the CFD model. One of the canopy
models tested, referred to as model C, had the same form as the canopy model
specified by Liu et al. [1996] above, the other canopy model, model B, had a
similar form to this model but did not include the sink term Lk in either the term
Sk or Sε. Various values were tested for constants Cε4 and Cε5 and the output
of the CFD results compared against field data of measurements of velocity and
turbulence profiles taken in the wake zone of a pine tree. It was found that the
optimal values for model constants were Cε4 = 1.8 and Cε5 = 1.5. A comparison
between model B and model C showed that model C gave better predictions of
the turbulence profiles where as model B was found to show slightly improved
prediction of the velocity profiles.
Amorim et al. [2013] also implemented the canopy model suggested by Liu
et al. [1996] in their CFD model of an urban area containing tree planting. Unlike
Mochida they chose values of Cε4 = 1.5 and Cε5 = 1.5 for the model closure
terms along with values of βp = 1 and βd = 4. Results of CO levels taken from
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the CFD model were then compared against CO levels from field data. It was
found that the addition of tree to the CFD model improved model accuracy when
compared with field data, with uncertainty of the CFD model decreasing from
60% to 19% and the value of the normalised mean square error reducing by 71%.
The authors thus highlighted the importance of inclusion of tree canopies and
vegetation within CFD models of urban areas for accurate prediction of wind
environment and pollution dispersion.
In order to quantify the effect of the tree canopies within the numerical model
there are certain co-efficients which must be determined. These are: the drag
coefficient, the leaf area density, the volume porosity and coefficients relating to
the turbulence source / sinks. We will now discuss how other authors have defined
values for both the leaf area density and drag coefficient in the past.
3.4.0.3 Leaf Area Density of Trees
The leaf area density (LAD) is defined as the total one sided leaf area per unit
canopy volume (m−1). This is a particularly difficult value to determine due to
the difficulty in obtaining 3-dimensional measurements on the structure of tree
canopies.
Several researchers have developed methods for estimating leaf area density
based on certain characteristics of the tree such as trunk diamter (dbh), crown
height, crown width etc.
In their study Paula J. Peper [2001] took measurements of tree height, crown
width, crown height, dbh and leaf area of 12 common street tree species, in-
cluding the London Plane. Based on there findings they were able to provide a
relationship between dbh of the various tree species and the leaf area, this is as
follows:
LA = eA ∗ e(bDBH)−1 ∗ eMSE/2 (3.39)
where LA is the leaf area (m2), A, b and MSE are all empirical constants
which can be found in Paula J. Peper [2001].
Nowak [1996] developed logarithmic regression equations based on detailed
field measurement studies which allowed the prediction of both leaf area and leaf
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biomass based on either crown parameters or stem diameter of urban trees.
Nowak [1996] collated data from 88 urban trees regarding crown dimensions,
stem diameter and leaf area. This data was used to find the following regression
equations for predicting leaf area:
lnY ∗ = b0 + b1X + b2S (3.40)
when based on dbh and of the form:
lnY = b0 + b1H + b2D + b3S + b4C (3.41)
when based on crown parameters, where Y is leaf area (m2), X is stem di-
ameter (cm), H is crown height (m), D is average crown diameter (m), S is the
average shading factor and C is the outer surface area of the tree crown (m2)
which can be calculated using the following formula piD ∗ (H +D)/2. The values
for the empirical constants b0, b1, b2, b3 and b4 are provided by Nowak [1996] and
are found though regression analysis. The shading factor is a measure of the
percentage of light intensity intercepted by foliated tree crowns. An extensive
list of values for shading factor for various tree species is provided by McPherson
[1984].
The findings of Nowak [1996] and Paula J. Peper [2001] offer a simple way of
calculating leaf area providing the tree canopy or trunk dimensions are known.
Once the leaf area has been calculated it is possible to calculate the leaf area
density by dividing the leaf area by the volume of the tree canopy.
3.4.0.4 Drag Coefficient of Trees and Vegetation
In order to understand how momentum is extracted from airflow through a tree
it is essential to determine the drag force that is acting on the tree components.
It is known that the drag force acting on a body is directly proportional to the
density of air, ρ, the area of the body, A, and the square of the air speed, u. This
is commonly written as:
F = ρu2ACd (3.42)
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Where Cd is the drag coefficient. In the case of drag force for a tree the value
of A is commonly taken to be the leaf area density, which tells us the leaf area
per unit volume.
Typical values for drag coefficients of trees and vegetation often cited in lit-
erature range from 0.1 to 1 [Da Silva et al., 2006], [Gross, 1987], [Koizumi et al.,
2010] and will vary depending on the size, species, wind speed and location of the
tree in question. Various methods have been employed to determine these values.
Da Silva et al. [2006] conducted wind tunnel experiments to determine the
wind profiles upstream and downstream from an artificial canopy. These mea-
surements were used along with the assumption that the velocity decrease through
the canopy was exponential to determine a drag coefficient of 0.3.
Gross [1987] employed a numerical model to investigate the airflow and tur-
bulence surrounding a single tree. He used trial and error to determine the
combination of leaf area density and drag coefficient which provided the best
match with experimental data. He found a leaf area density of 1 m2/m3 and drag
coefficient of 1 offered the best solution.
These investigation found a single drag coefficient based on a single wind
speed, however it has been shown that the drag coefficient can vary with wind
speed due to the variation in tree shape with the changing winds.
Both Koizumi et al. [2010] and Roodbaraky [1994] noted lack of data on drag
coefficients for broadleaf trees as previous studies had focused on the wind effects
on coniferous trees. Broadleaf trees tend to make up a large proportion of urban
trees and therefore understanding the drag on these types of trees is important
in determining the wind effects in urban areas containing tree planting.
In an aim to understand the drag coefficient of broad leaf trees Koizumi et al.
[2010] took field measurements of wind velocity and stem deflection of Black
Poplar trees in the field. Drag coefficients were found to decrease with increasing
wind speeds. For wind speeds over 10m/s drag coefficients were within the range
of 0.1 - 0.25 and there was little variability in the measurements. For wind speeds
below 10m/s average drag coefficients were within the range 1.2 - 0.25 with large
variability in the results.
Roodbaraky [1994] carried out full scale measurements on London Plane trees
to determine values for typical drag coefficients. The drag coefficients were calcu-
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lated based on data collected for a mean wind speed of 5.8 m/s. The data showed
a typical drag coefficient of 0.8 this agreed well with the findings of Koizumi et al.
[2010].
In their research into the drag coefficients of broadleaf trees Koizumi et al.
[2010] and Roodbaraky [1994] also noted the effects of defoliation can have on
Cd. They both found that the drag coefficient decreased when the tree was with-
out leaves. Koizumi et al. [2010] found that the drag coefficient without leaves
decreased to 0.133 at a wind speed of 10m/s compared to 0.25 with leaves. Rood-
baraky [1994] found that the drag coefficient of the London Plane tree without




modelling of the Urban Boundary
Layer and Street Canyon Flow
This chapter summarises the findings of a benchmark study carried out to inves-
tigate the use of CFD in the prediction of boundary layer flows and airflow within
a simple street canyon. Firstly the flow within an atmospheric boundary layer
wind tunnel is recreated using CFD to explore the issues related to recreating a
homogeneous boundary layer flow. Secondly statistical methods will be employed
to calibrate the k-ε model constants and determine if appropriate choice of these
constants can help in the accurate prediction of boundary layer flow. Finally
flow within a simple street canyon will be modelled to assess the capabilities and
limitations of CFD and the Standard k-ε model in accurately predicting airflow
within a street canyon.
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4.1 CFD Modelling of the Atmospheric Bound-
ary Layer Produced in a Wind Tunnel
In order to gain a better understanding of the problems faced when modelling
the urban boundary layer in CFD, a CFD model will be constructed which aims
to replicate the conditions created in boundary layer wind tunnel experiments.
Results will then be compared against experimental data allowing an assessment
of the level of streamwise gradients in the boundary layer profiles and how this
may be reduced.
4.1.1 Wind Tunnel Set Up
The wind tunnel data used in the validation of the CFD results was taken from
a study carried out by Kastner-Klein et al. [2001] this is shown in Figure 4.1.
Kastner-Klein has carried extensive wind tunnel tests for flow within various
types of street canyons which is summarised in the following papers Kastner-
Klein et al. [2001], Kastner-Klein, Kastner-Klein et al. [2004] and Kastner-Klein
and Plate [1999]. In order to perform these tests they first had to ensure the
correct boundary layer conditions were created within the wind tunnel. This was
done through the placement of roughness blocks on the floor of the test section of
the wind tunnel and vortex generators, spires and fence posts to create turbulence
flow at the entrance to the test section.
All tests were carried out at the atmospheric boundary layer wind tunnel at
the university of Karlsruhe which has test section dimensions of 2m wide by 1m
high. Measurements were taken using the Laser-Doppler velocimetry technique
(LDV) as well as a single hotwire. The LDV measurements provided mean and
turbulence velocities of all three directional components. For more details of the
wind tunnel set up please refer to Kastner-Klein et al. [2001].
4.1.2 CFD Settings
Full details relating to CFD geometry, mesh and model settings can be found in
Appendix .2.1.
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There has been some debate in the past over the optimal way to specify the
inlet conditions for a CFD model of the atmospheric boundary layer. This has
been discussed in section 3.2.1.1. Based on this discussion 3 different methods
of specifying the inlet boundary were tested. All three models had the same
geometry and mesh described in Appendix .2.1. The only difference between the
models was the way in which the inlet boundary conditions for velocity, TKE
and turbulence dissipation were specified. Three inlet conditions were tested as
follows:
Scenario 1: For the first model the experimental data obtained from the
wind tunnel data was input directly into the CFD model. The data consisted of
velocity and turbulence measurements taken at several heights. This was used to
form the velocity and TKE profiles at the inlet, Ansys CFX uses an interpolation
function in between the measurement location to form the full profile. The profile
is homogeneous across the width of the inlet.
Scenario 2: The second model implements the inlet profiles first suggested by











u(z) is the inlet velocity at height z, the values of the frictional velocity u* = 0.56











ε is the turbulence dissipation at the inlet, κ is the von karmen constant of
value of 0.4.
Scenario 3: The final model used the inlet boundary conditions suggested
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The values of A and B where 0.6 and 0.83 respectively. These values were
found by fitting a curve to the TKE data, this was done using the Matlab function
lsqcurvefit which solves non-linear curve fitting problems in the least-squares
sense.
The k-ε model parameter were left to their default value except for σε whos
value was set according to equation 4.8. CFX does not allow for Cµ to be a
function it can only take a constant value, therefore its default value of 0.09 was
used rather than the relation stated in equation 3.27.
4.1.3 Results of CFD Model of the Atmospheric Bound-
ary Layer produced in a Wind Tunnel
Figure 4.2 - 4.3 show results of velocity and TKE profiles from all three scenarios
compared against data taken from the wind tunnel experiment. Profiles at both
the inlet and outlet of the CFD domain are given to assess the level of change in
the profiles as we move downstream.
The profiles taken at the inlet of the CFD domain for Scenario 1 are found to
provide the best match with experimental data however Scenario 2 and 3 provide
a good match at heights below z/H = 0.2. There is seen to be little change in
the profiles as we move downstream. The greatest change is seen for Scenario 1
which shows some decay in the velocity profile at greater heights, however the
domain tested here is relatively small for larger domains a greater change in the
velocity profile may be witnessed [Blocken et al., 2007].
The TKE profiles are shown in Figure 4.3. Both Scenarios 1 and 3 show a
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good match with experimental data for the inlet profile. Scenario 2 shows a poor
match due to the fact TKE is constant with height which is not reflected in the
experimental data. The profiles taken at the outlet show streamwise gradients
for all scenarios tested. In the case of Scenario 1 and 3 there is a decay in TKE at
lower levels although the profile remains constant at greater heights for Scenario
3. Scenario 2 shows an increase in TKE at lower levels.
All three scenarios tested have reinforced the findings of previous literature
and highlighted the difficulty in obtaining a homogeneous boundary layer pro-
file. Recommendations from previous literature on how to obtain a homogeneous
boundary layer have included ensuring the correct sand grain roughness is used,
specifying the shear stress at the top boundary of the domain and ensuring the
profiles used to specify the inlet conditions are consistent with the turbulence
model being used. Both Scenario 2 and Scenario 3 satisfies all three of these
requirements however streamwise gradients are still found in the boundary layer
profiles produced in the CFD domain.
One possible cause of such gradients could be inconsistencies in the way the
Standard k-ε model constants are specified. In the next section of this chapter
we will look at a method which allows us to asses the uncertainty relating to the
value these parameters should take as well as the TKE output itself and how
adapting these constants can lead to a more stable boundary layer profile.
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Figure 4.1: Atmospheric boundary-layer wind tunnel at the University of Karl-
sruhe, taken from Kastner-Klein
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Figure 4.2: Comparison between velocity profile taken from wind tunnel data
(red) and CFD model scenario 1 (top), scenario 2 (middle) and scenario 3 (bot-
tom). CFD data is given at the inlet (solid line) and outlet (dashed line)
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Figure 4.3: Comparison between TKE profile taken from wind tunnel data (red)
and CFD model scenario 1 (top), scenario 2 (middle) and scenario 3 (bottom).
CFD data is given at the inlet (solid line) and outlet (dashed line)
47
4.1.4 Bayesian Calibration of the k-ε Model Constants for
use in Atmospheric Boundary Layer Flows
The initial results of this chapter have shown the difficulty in obtaining a homoge-
neous boundary layer flow within CFD. The choice of appropriate inlet boundary
conditions along with correct modelling of the wall roughness along the floor of
the domain has been highlighted as important factors in obtaining boundary layer
flow without streamwise gradients. In addition to this the choice of k-ε model
constants also plays a part in obtaining a homogeneous boundary layer flow how-
ever there is still some uncertainty relating to the values these parameters should
take under boundary layer flow conditions.
This section of the chapter will therefore address the common problem of
parameter uncertainty within CFD modelling and investigate statistical methods
which enable the quantification and reduction of such uncertainties. We will start
by discussing the importance uncertainty quantification within CFD modelling
and examples of how this has been addressed in the past followed by a more
detailed look at the k-ε model constants and how the value for these constants
have been obtained in the past. The technique of Bayesian calibration will then
be used to calibrate four of the five k-ε model constants for use in modelling
the urban boundary layer. This will provide posterior probability distributions
for each of the k-ε model constants. We will then discuss the best way to use
such information to improve CFD model predictions and obtain information on
uncertainty within the CFD output.
4.1.4.1 Uncertainty Quantification in CFD modeling
There are several sources of uncertainty present within CFD models. These can
come from the model inputs, the form of the model, the assumptions made in
the mathematical model, and numerical approximation errors which are due to
the differential equations being approximated rather than solved explicitly (an
example of this would be discretization error). It is therefore important that
we are able to characterise such uncertainties, propagate them through to the
model output and ultimately try and reduce them. This is the aim of uncertainty
quantification or UQ.
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Different techniques can be applied to tackle each type of uncertainty. Model
verification deals with the uncertainties relating to numerical approximation. It
is a way of providing evidence that the computer model accurately represents the
conceptual model of the system. Whereas model validation is used to ensure the
computer model is an accurate representation of the physical system of interest
and deals with the uncertainty related to model form. This involves comparing
the CFD output against experimental data. A full description of these types of
uncertainties and statistical methods for quantifying them can be found in Roy
and Oberkampf [2011].
Uncertainty quantification in CFD and in numerical models in general can be
carried out using a variety of statistical methods. One such method, Polynomial
Chaos, is discussed in detail and examples of applications of this technique to
different types of flows such as incompressible and reacting flows are discussed
in a review by Najm [2009]. Le Maitre et al. [2001] applied this technique to
incompressible flow in a micro channel with low Reynolds Number.
Although uncertainty quantification is an important topic within CFD par-
ticularly within the field of turbulence models, it is not routinely addressed in
CFD studies. However there are a number of studies that have demonstrated
different statistical techniques to address the issue of uncertainty within RANS
turbulence models. One such study conducted by Dunn et al. [2011] looked at
the uncertainty contained within the model coefficients of the k-ε model. They
used the Latin Hypercube Sampling method to investigate these uncertainties in
the case of flow over a backward step and found that model coefficients had a
significant effect on stream wise mean velocity, turbulence intensity, reattachment
point location, pressure and wall shear stress.
An example of Bayesian Calibration of RANS turbulence models is given by
Oliver and Moser [2011]. The Bayesian approach was used to analyse both model
and parameter uncertainty within several types of turbulence models and applied
to the case of incompressible channel flow. They were able to make a comparison
between different uncertainty quantification models as well as different turbulence
models and found both to impact the quantity of interest (QoI’s). They found
that after calibration the Chien k-ε model gave a prediction of the QoI’s with
an uncertainty of approximately ± 4%. Another example of a study which used
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Bayesian Calibration to assess uncertainty within RANS models is Cheung et al.
[2011]. The Spalart-Allmaras turbulence model was used to model the case of an
incompressible boundary layer flow. Seven constants within the SA model were
calibrated against experimental data, and predictions of the quantities of interest
were produced. In their work they looked at the plausibility of competing models
for uncertainty evaluation. Cheung et al. [2011], having made the first step in
their calibration of a CFD model, highlighted for future research the areas of a
comparison uncertainty analysis of RANS turbulence models, as well as the use of
statistical emulators to save computing time on computationally expensive CFD
models.
4.1.4.2 The Standard k-ε Model Constants
The formulation of the k-ε model given in section 3.1.4 requires the specification
of five closure constants, Cµ, Cε1, Cε2, σε and σk in order for the model to be
complete. Launder and Spalding [1972] noted that, in the vicinity of a wall,






Where τ is wall shear stress and k is the turbulence kinetic energy. Using
experimental data for flow near walls Launder and Spalding [1972] makes an
initial suggestion of a value of 0.08 for Cµ. A value of Cε1 is similarly found by
considering near wall turbulence and an initial suggestion of 1.5 is made based on
the values of the other parameters. The value of Cε2 = 2 was initially suggested
by Hanjalic and Launder [1972]. This value was based on theory of decay of
turbulence behind a grid. These initial values have been adapted over the years
based on computer optimisation and a greater data set, to give the default values
commonly used today (see Table 4.1). The values for σε and σk were similarly
found through computer optimisation.
Table 4.1: standard values used for model constants
Cµ Cε1 Cε2 σε σk
0.09 1.44 1.92 1.3 1.0
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Although these are the most commonly used values for the k-εmodel constants
and are generally left unaltered there have been a few occasions when researchers
have suggested that alternative values should be used either due to dependencies
placed on the constants due to the boundary conditions being used or in order
to improve model performance.
In their study into the use of the Standard k-ε model for self similar free shear
flows and equilibrium boundary layers Poroseva and Iaccarino [2001] found that
by tuning the model constants they could successfully reproduce mean-velocity
and shear stress profiles. They found that the relation between σk and σε to
be more important than their absolute value and recommended that the values
σε/σk = 1.5 be used for such flow types. They also state that the value of Cε1
has a significant impact on results and that its value should be based on the flow
type and the Reynolds number.
Beljaars et al. [1987] discuss the choice of k-ε model constants relevant to
atmospheric boundary layer flow. They suggest that, since Cµ is related to the
ratio of shear stress to turbulence kinetic energy, a value of 0.09 is not deemed
appropriate for the atmospheric boundary layer and using the experimental data
of Panofsky and Dutton [1984] they suggest a more appropriate value is 0.032.
Based on this new value of Cµ and the fact that the following relation must hold








A new value of σε = 1.85 is chosen. All other model constants are left to
their default value. However Beljaars et al. [1987] do stress the importance of
the value of Cε1 on the CFD output and make the suggestion for future work to
tune the value of Cε1 against detailed turbulence data particularly in the case of
in-homogeneous surface layer flow.
The work of Richards and Hoxey [1993] on providing inlet boundary condi-
tions for use in atmospheric boundary conditions has been discussed in Section
3.2.1.1. When demonstrating the use of these profiles against experimental data
they found the default value of Cµ to be inadequate at reproducing the levels of
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turbulence found in the atmospheric boundary layer. Based on their experimen-
tal data they tuned Cµ to give a value of 0.013. Similarly to Beljaars et al. [1987]
the accordingly adapted the value of σε to 3.22 as per equation 4.8.
The updated inlet profiles specified by Yang et al. [2009], which were shown
to give a better match against experimental data for TKE profiles, produced new
dependencies between the k-ε model constants as derived by Gorl et al. [2009].
Cµ(z) =
u4∗






The term k-ε model constants is no longer technically correct as these pa-
rameters are a function of height. As mentioned in the previous section most
commercial softwares do not allow Cµ to be a function. Yang et al. [2009] chose
a value of Cµ = 0.028, while Gorl et al. [2009] chose a value of Cµ = 0.017 based
on equation 3.27 and the height taken to be that of half the cell height next to
the wall. In addition to changing the value of Cµ, Yang et al. [2009] also changed
the value of σk and σε based on the recommendation provided by Poroseva and
Iaccarino [2001] of a ratio of σε/σk = 1.5, although the absolute values they give
to the constants differ to those given by Poroseva and Iaccarino [2001], with Yang
et al. [2009] choosing values of σk = 1.67 and σε = 2.51. They choose a value of
Cε1 = 1.5 based on recommendation given by Durbin [1995].
The main purpose of this research is to demonstrate the technique of Bayesian
calibration as a method of uncertainty quantification for CFD modelling. In light
of the above discussion it would seem there is still some uncertainty surrounding
the preferable values for the k-ε closure constants and the effect changes to these
parameters have on the CFD output. It would therefore seem that the k-ε closure
constants would make a good choice of calibration parameters as there is a need
to better understand the uncertainties relating to these constants and find a way
of reducing the range of possible values they could take.
The calibration will be carried out on the CFD model of the atmospheric
boundary layer which uses the inlet profiles suggested by Yang et al. [2009]. The
calibration process consists of running several CFD models (150 in total) with
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varying values of the k-ε model constants. The TKE profile will be extracted at
the outlet from each of the 150 models. Since we would like to find the parameter
values which show the least decay in the TKE profiles over the length of the
domain we will be comparing the outlet TKE profiles against the TKE profile
specified at the inlet. Through this process we are able to obtain probability
distributions for each of the parameters. These probability distributions show,
over a given range of values, the likelihood of those values producing a good
match with the inlet data (i.e. which parameters can offer the least decay in the
TKE profiles).
4.1.4.3 Bayesian Calibration Method
The calibration process consists of putting distributional assumptions (prior dis-
tributions or simply priors) on the calibration (also called tuning) parameters
Cε1, Cε2, σk and Cµ before comparing with observations (in our case data taken
from the inlet of the CFD domain), and letting the information contained in the
data update this a priori assumption to get as a result a posterior distribution of
the calibration parameters. The advantage of such a Bayesian analysis [Kennedy
and O’Hagan, 2001] over standard estimation of parameters (e.g. by minimizing
the differences between observations and simulator outputs) lies mainly in the
ability to retrieve a full description of the uncertainties about the parameters
and consequently about the simulator outputs. Moreover, the possibility for the
modelers to express their -uncertain- scientific beliefs in terms of priors on the pa-
rameters enables a natural integration of scientific knowledge and evidence given
by measurements.
It was decided to calibrate four out of the five k-ε model constants and not σε
due to its strong interdependence on the other model constants. The following





For simplicity we now denote Cε1 and Cε2 as C1 and C2. The intervals chosen
to be tested for the calibration constants were as follows C1 : 0.5 - 1.5, C2: 0.6
- 2.5, Cµ: 0.01 - 0.15 and σk:0.5 - 2.5. These were chosen based on the standard
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values suggested for the model constants and how these had been changed in
the past. We put uniform priors on these parameters, allowing for equal initial
probability of being at any location in these intervals. In addition the value of
C1 was restricted so it did not exceed C2.
The complete set of inputs x = (h, θ) consists of parameters divided into two
categories: the known parameters (normalized height h in [0, 2]) and the unknown
calibration parameters θ = (C1, C2, Cµ, σk). We denote by y
M(x) the empirical
output of the computer model as a function of x = (h, θ) and η(x) the expected
output of the computer model as a function of x = (h, θ). The difference between
yM(x) and η(x) is the numerical intrinsic error. The computer code output η(x) is
an approximation of the reality yR(h). To learn about the values of the calibration
parameters, the CFD model is run at inputs x in a design (i.e. choice of values)
DM . Observations (i.e. TKE data taken from the inlet profile) yF (h) are collected
at a number of input heights h.
For our design of experiments DM corresponding to the calibration parame-
ters, we use a maximin Latin Hypercube (LHS) design. With this design we try
to cover as much space as possible in the five-dimensional space of the calibration
parameters with only n = 150 runs. For the spatial coordinates of the computer
design DM , we choose the same locations as the experimental design. Figure 4.4
shows the CFD computed TKE values at these heights. This is the first step in
our study.
The following equations constitute an extension of Kennedy and O’Hagan
[2001] as they specify the intrinsic CFD model numerical error. They describe
the relationships between the CFD model and the observations at the design
points, using bias δ(h), intrinsic CFD model numerical error νη and observation
error ν (both assumed constant across heights h):
yM(h, θ) = η(h, θ) + νη (4.12)
yR(h) = η(h, θ∗) + δ(h) (4.13)
yF (h) = yR(h) + ν (4.14)
Here, θ∗ is used to represent the true (unknown) values of the calibration param-
eters. These equations suggest that even if the CFD model were run at the true
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values of the calibration parameters, it would still be a biased representation of
reality. Thus the model can never perfectly match observations without some
additional process of adjusting for model errors. It is crucial that such a discrep-
ancy (or bias) term be introduced in order to avoid overfitting the data with an
unrealistic choice of parameters. Furthermore, the bias must vary according to
height, as the CFD model shortcomings are strongly dependent on height. This
is unnecessary for the numerical error in the CFD model as this may vary only
very slightly according to height and are much smaller than the model bias.
Because the simulator output η(·) is unknown except at the design points DM ,
we assume that the unknown function follows a Gaussian stochastic process (GP)
distribution. That is, we model the N observed simulator responses η(x), x ∈
Rp (here p = 5 since DM is over a range of C1, C2, Cµ, σk and h, values),
as coming from a multivariate normal distribution with mean µ and N × N
variance-covariance function Σ. Since we initially standardize the entire set of
responses (CFD model and observed) by the mean and standard deviation of
the CFD responses, µ = 0 above and the variability in the simulator (1/λη)
below is approximately 1. Thus, we approximate the CFD model by specifying
a distribution of functions that interpolate the response η(x) in between the
design points x in DM . The random function is certain at the design points, and
uncertain at untried points.
To specify Σ according to the calibration parameters we use a product Gaus-
sian variance-covariance. Thus, the (i, j)th element of Σ, cov(η(xi), η(xj)), is







The notation θik denotes the i
th design point in DM for θk. The hyperpa-
rameters λη (the precision of the GP model), βk (which we call “correlation
hyperparameters”) are to be estimated from the model output and the observa-
tions as described below. The unknown bias function δ(h) is also modeled as a
GASP random function with mean 0 and correlation matrix with precision λδ
and correlation parameter β5. Finally, the random error and intrinsic error com-
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ponents are modeled as independent ν ∼ N(0, 1/λν) and νη ∼ N(0, 1/λνη). Only
the θ’s are deemed to be calibration parameters, or quantities to be tuned for the
CFD model to perform better. All the other quantities, such as observation and
numerical errors, as well as the hyperparameters, are only auxiliary quantities for
the analysis (but are of interest nevertheless).
The likelihood can be written, for a joint vector of given observations yF and

















For the estimation of the calibration parameters, and all the other quantities,
we employ the Markov Chain Monte Carlo (MCMC) algorithm. The chains
are dependent random samples that ought to be distributed in the long run
as the so-called posterior distributions of the parameters of interest, which are
combinations of prior information about the values of these parameters and the
information about the parameters provided by the data. We then retrieve the
posterior distributions of the various calibration parameters, which allows us
to make inferences and quantify our uncertainty about the true values of these
unknown quantities.
All the unknowns in the model (i.e. the calibration parameters and the hy-
perparameters such as variances -here actually precisions-, correlation parameters
β’s) require specified prior distributions which represent uncertainty about the
values of these parameters before any data is collected. The following choices are
made for the priors:
• To represent vague prior information about the true calibration parameter
values, we specify a uniform prior distribution over the interval on which
they were sampled for simulator runs.
• To model the correlation hyperparameters in Σ, we conservatively place
most of its prior mass on values for the corresponding correlations near
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1 (indicating an insignificant effect). Similarly, conservative priors were
used for the hyperparameters associated with the correlations in the bias
function.
• Gamma prior distributions were used for each of the precision (i.e. inverse
of the variance) hyperparameters λη, λδ and λν . Specifically, we use pri-
ors λη ∼ GAM(10, 10) (with expectation 1 due to standardization of the
responses), λδ ∼ GAM(10, .3) (with expectation around 3% of standard de-
viation of the standardized responses), and λν ∼ GAM(10, .03) 0.3% and
λνη ∼ GAM(10, .001) 0.01%. These prior assumptions are based on our
original scientific understanding of the problem: we want the CFD model
to capture most of the variations in order to tune our calibration parame-
ters, and the bias ought to be small as a result.
Because our choice of priors make the full conditional distributions of the un-
knowns difficult to sample, we implement a Metropolis-Hastings algorithm to
explore the multidimensional space of parameters. The algorithm makes use of
a proposal distribution to draw a future value conditional on the current state.
Then this move is either accepted or rejected according to a random toss with a
probability of acceptance that depends upon the target distribution. This even-
tually yields draws from the target distribution (here the posterior). We used
multiple chains to confirm the convergence towards a stationary posterior dis-
tribution (after an initial burn-in period), saving wall-clock time by running the
chains in parallel.
4.1.4.4 Results of Bayesian Calibration
Figure 4.4 shows the TKE profiles for all 150 CFD runs against the inlet profile.
This allows us to see clearly how the choice of k-ε model parameters can affect
the amount of decay in TKE boundary layer profiles. The variation in these
constants is shown to have a large effect on the TKE levels particularly at those
heights closest to ground level. It also shows us that none of the combinations
of parameters chosen can stop the decay of TKE happening at the very lowest
height (z/h = 0.0125 )
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The calibration process produces a posterior probability distribution for each
of the calibration constants. These are plotted in the form of a histogram. The
probability distribution will tell us how likely each of the values within the chosen
intervals is to give a good match against the inlet profile. Those with high
probability will give a closer match than those with low probability. Therefore
by looking at where the peak of the histogram occurs we can determine the most
likely value for each parameter to give the best match against the inlet profile.
We can also determine from the spread of the histogram the uncertainty attached
to each parameter, those histograms with a narrow distribution and high peak
have less uncertainty associated to them than those with a wide spread and not
such a distinct peak.
The histogram for Cµ, shown in Figure 4.5, shows values at the lower end
of the interval are given higher probability of providing a better match with the
inlet profile. In particular we can see that the default value of 0.09 is not deemed
a suitable value in this context. This supports the findings of previous research
in which the values of Cµ have been decreased when simulating the atmospheric
boundary layer to provide a better prediction against experimental data and
reduce the decay of the TKE profiles [Beljaars et al., 1987], [Richards and Hoxey,
1993].
The histogram for C1 shows that slightly lower value of 1.2 compared with
the default 1.44 is likely to provide a better match against the inlet profile.
The histograms for C2 and σk do not show such a clear peak as those for
Cµ and C1. There is a greater amount of uncertainty attached to these values
compared to Cµ and C1. This may be due to the fact that there is more than one
value that will provide a good match with the inlet or these parameters do not
have as much impact on the decay of TKE making it less clear what values they
should take. For C2 we notice that the default value of 1.92 is not deemed to be
appropriate in this case and more likely values lie in the range 1 - 1.5. In the case
of σk the histogram shows most likely values will lie within the mid range of our
chosen interval around the value of 1.5.
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4.1.4.5 Discussion on Results of Bayesian Calibration
We have seen the information that can be obtained through the process of
Bayesian calibration the question now becomes how to utilise such information
to improve our CFD model output. One option would be to use the information
contained within the histograms to select updated values for the k-ε model pa-
rameters. To do this we can select the value which occurs at the peak of each
histogram to give the new post calibration k-ε model parameters. These values
are given in Table 4.2.
The CFD model is then run again with these updated values for the k-ε model
constants. This new model will be referred to as the post-calibration model and
the CFD model with the default k-ε model constants will be referred to as the
pre-calibration model.
The results from the post-calibration CFD model are shown in Figure 4.9
along with the results for the CFD model with the default k-ε model constants.
The effect of altering the k-ε model constants is to reduce the amount of decay
occurring in the TKE profile as we move downstream of the inlet. Above a
height of 0.2m the inlet and outlet profile of the post-calibrated model remain
fairly consistent. Below a height of 0.2m there are still some problems with decay
in the TKE levels particularly at ground level although this is improved compared
to the pre-calibration model.
Due to restraints on computer resources it was only possible to calibrate a
single 1-D profile with a single quantity of interest (QoI) but, with ever increasing
computing capabilities, calibrations which use experimental data taken from two
and even three-dimensional space and calibrate against multiple QoI’s are not
far out of reach. However the calibration process is likely to be most useful for
applications where experimental data is sparse.
The question of whether we are able to apply the calibration results to other
quantities of interest which we did not calibrate against and even different flow
scenarios is still open ended. Although we cannot answer these questions in full
we can begin to investigate such queries by running some initial tests of our post-
calibrated model. First we will compare the velocity profiles for the models with
the default closure parameters and the updated “calibrated parameters” to see if
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the alteration of these parameters has had a significant effect on the velocity. The
inlet velocity profile was plotted against the outlet velocity profile for both the pre
and post calibrated model. The results shown in Figure 4.10 show that there is no
discernible difference between the three velocity profiles and therefore changing
the k-ε model parameters has not had a detrimental effect on the velocity profile.
Another important question is whether the k-ε model parameters found from
the results of the calibration are only relevant to our CFD model or if they can
be used for other CFD models. This question will be explored in the next section
of this chapter.
Here we have seen one use of the Bayesian calibration results which is to
find more appropriate values for the calibration constants by using the posterior
distribution. Although this has been proven to be a simple and effective way of
improving CFD output the disadvantage of such a method is that it does not make
full use of all the information obtained from the calibration. The advantage of the
Bayesian calibration process over other forms of best fit calibration is that it can
provide information on the uncertainty relating to the calibration parameters.
The calibration process also takes into account the complex dependencies
between the calibration parameters which by simply choosing the best value from
the histogram we are neglecting. How do we then make use of this information
and propagate these uncertainties through to the CFD output? One solution
may be to use ensemble modelling. This requires that rather than one model
being run with a single set of input parameters a number of CFD models are run
with a range of input parameters. By selecting parameter combinations from the
chains produced during the calibration process we can run a range of CFD models
where the probability distribution for the k-ε model constants would resemble
those produced by calibration process. Thus the CFD output would no longer
consist of single point values but each point would have a range of values for each
output. The disadvantage of such a method would be the large computational
cost of running many CFD models and the difficulty in both processing and
displaying the CFD results.
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Figure 4.4: Results of TKE profiles taken from all 150 CFD runs (red crosses)
shown against the inlet profile (blue circles).
Table 4.2: updated values used for model constants
Cµ Cε1 Cε2 σk
0.025 1.2 1.25 1.5
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Figure 4.5: Histogram showing the posterior probability distrubution of Cµ.
62
Figure 4.6: Histogram showing the posterior probability distrubution of C1.
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Figure 4.7: Histogram showing the posterior probability distrubution of C2.
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Figure 4.8: Histogram showing the posterior probability distribution of σk.
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Figure 4.9: TKE profile at the inlet (red), outlet of the post-calibration model
(blue) and outlet of pre-calibration model (green).
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Figure 4.10: Velocity profile at inlet (red), outlet of the post-calibration model
(blue) and outlet of pre-calibration model (green).
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4.2 CFD Modelling of Street Canyon Flow Pro-
duced in a Wind Tunnel
In this section of the chapter we will expand on the work done in the previous
section on how to model the urban boundary layer by including the geometry of
a simple street canyon in our computational domain. This will allow us to assess
the capabilities and limitations of CFD in predicting flow within a simplified
street canyon through comparison with wind tunnel data. Finally we will look
at the effect of altering the k-ε model constants to the updated values found in
section 4.1.4.5.
4.2.1 Wind Tunnel Set Up
Data was taken from a windtunnel experiment carried out by Kastner-Klein et al.
[2001]. Full details of the wind tunnel set up can be found in the previous section.
The street canyon was represented by two rectangular blocks. The dimensions
of these blocks were 0.12m high by 1.2 m long with a 0.12 m spacing between
the two blocks, giving the street an aspect ratio of one (see Figure 4.1). The
wind direction was perpendicular to the street length. Figure 4.11 shows the
measurement location scheme for the measurements taken at the centre of the
street canyon.
4.2.2 CFD Settings
For full details of the CFD geometry, mesh and model settings please refer to
Appendix .2.2.
Based on the results found in Section 4.1 the profiles used to specify the
velocity, TKE and dissipation at the inlet are given by equations 4.4, 4.5 and 4.6.
The k-ε model constants were kept at the default values.
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4.2.3 Results of CFD Model of Airflow within Homoge-
neous Street Canyon
4.2.3.1 Airflow Patterns
A qualitative comparison between the flow fields produced by the CFD model
against those of the windtunnel show a good match (see Figure 4.12). The main
features of the flow are captured by the CFD model. These include the separation
and reattachment of the flow above the roof of the upstream building, the lack
of separation on the downwind building roof and the single vortex formed within
the street canyon.
The location of the centre of this vortex is also reasonably well captured. For
multiple street canyons we would expect to see the centre of the vortex at the
centre of the street canyon however, since this is an isolated street canyon the
vortex centre is slightly to the right and above the central point of the street
canyon. This is shown in both the windtunnel and CFD results however the
prediction of this point for the CFD results is found to be slightly higher than in
the windtunnel. A speed up of the flow as it travels up and over the leading edge
of the building is also well captured by the CFD results.
4.2.3.2 Velocity Profiles
Figure 4.13 show the vertical profile of the mean streamwise velocity, u, at seven
locations across the width of the street canyon (see Figure 4.11 for measurement
locations). From these plots we can again see that the main features of the flow
are well captured. There is clear speed up above roof top level. The negative
u velocities in the lower portion of the street canyon are of the same magnitude
as the positive u velocities in the upper portion of the canyon. The shear layer,
above roof top level is well captured, as indicated by the inflection point in the
velocity profile at a height z = H. The velocity profiles within the street canyon
are symmetrical about the centre as shown by both the wind tunnel and CFD
results. Velocities decrease with increasing proximity to the wall.
There are some minor discrepancies between the CFD results and windtunnel.
There is a tendency of the CFD model to overpredict the velocity above a height
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of 1.5H and under-predict the velocity between 0.4H and 1.2H. The wind shear
above roof top level is slightly overpredicted as shown by the velocity gradient
du/dz
4.2.3.3 Turbulence Profiles
Figure 4.14 shows contour plots of TKE levels for both the CFD and wind tunnel
results. The CFD results show two distinct peaks. The first is at the leading edge
of the first building located slightly upstream of the building. This peak is not
present in the wind tunnel results which leads to an overprediction of TKE levels
in the region directly upstream of the first building. This overprediction of TKE
is a common problem when using the Standard k-ε model to simulate impinging
flows. It occurs due to the way in which the turbulent production component is
modelled. The turbulence production term, Pk, can be divided into two parts,
the normal component, Pkn and the shear, Pks. The true form of these terms is
as follows:
Pkn = −(< u′′1 > − < u′′3 >)
∂ < u1 >
∂x1
(4.17)
Pks = − < u1 − u3 >
(
∂ < u1 >
∂x3
+
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From equations 4.18 we can see that in reality Pkn and Pks have the potential
to be negative which can occur in areas of high ∂<ui>
∂<xj>
, however the approximations
given by equations 4.20 will never be negative. This leads to the overprediction
of TKE on the upwind corner of our building for which in reality we would see
negative turbulent production terms these are predicted as being positive by the
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Standard k-ε model [Murakami, 1993].
The second peak is above the roof top of the first building, this peak is present
in the wind tunnel data however the CFD model under-predicts the magnitude
of this peak. Since the TKE is exported downstream by advection and turbu-
lent transport an under-prediction of the TKE levels here will lead to an under-
prediction further downstream. This is clearly visible within the street canyon
in which we can see the TKE levels are much lower. In their study Louka et al.
[2000] describe how the peak in TKE is produced by the shear layer shed from
the upwind roof. This layer is unstable through the Kelvin-Helmholtz instability
and contains unsteady fluctuation. These unsteady processes are unlikely to be
accurately captured by a steady state RANS model thus leading to an under-
prediction of the overall TKE budget.
Aside from the underprediction of TKE the overall shape of the profiles are
well predicted. The model is able to correctly predict the higher levels of TKE
on the downwind side of the street against the upwind side. This is due to the
vertical spreading of the shear layer. Turbulence energy is exported vertically
from the shear layer core by pressure or turbulent transport. This size of the
spread increases as we move downstream. Therefore as we reach profile number
6 and 7 we see a greater amount of TKE being advected down into the street
canyon.
In summary by comparing windtunnel data against CFD predictions of flow
within a simple street canyon we were able to asses the performance of the Stan-
dard k-ε model. It was shown that the model gave a good prediction of the
qualitative features of the flow. The velocity profiles on the whole were well pre-
dicted. The model performed less well at predicting turbulence levels. With an
overall under-prediction of TKE levels within and just above the street canyon.
This is due to the under-prediction of the peak in TKE which occurs directly
above the upstream roof top. Despite these short comings the Standard k-ε tur-
bulence model is still in regular use for the modelling of flow within street canyons
and the built environment.
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4.2.4 Updating the k-ε Model Constants
In section 4.1.4 we saw how updating the values used for k-ε model constants im-
proved predictions of homogeneous urban boundary layer by reducing the amount
of decay in the turbulence profiles as we moved downstream. In this section we in-
vestigate whether these updated constants can offer improved prediction of street
canyon flow.
The CFD model described in section 4.2 was updated using the k-ε model
constants given in Table 4.2 in addition the function given in equation 4.11 was
used to define σε. It was found that with these constants a reasonable level of
convergence of the residuals was not achieved. Monitoring points were placed at
several locations across the domain. It was found that velocity and turbulence
levels fluctuated at these locations at did not reach a stable solution. Therefore it
can be concluded that with the street canyon present within the domain updating
the k-ε model constants results in instabilities within the numerical model and
convergence cannot be achieved. This would suggest that the Bayesian Calibra-
tion is case specific i.e. the results only apply to the case being calibrated and
can not easily be transfered to other scenarios.
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Figure 4.11: Measurement location for measurements taken across a vertical cross
section at the centre of the street length
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Figure 4.12: Vector plot of wind flow above and within the street canyon, for the
windtunnel results (top) and CFD results (bottom)
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Figure 4.13: Vertical profiles of streamwise velocity component, u, taken at the
locations shown in Figure 4.11. CFD results shown in blue, experimental data
shown in red
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Figure 4.14: Contour plot of TKE above and within the street canyon, for the
windtunnel results (top) and CFD results (bottom)
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Figure 4.15: Vertical profiles of TKE, taken at the locations shown in figure 4.11
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4.3 Summary of Main Findings
This chapter summarised the work carried out in a benchmark study undertaken
in order to understand the capabilities and limitations of the Standard k-ε model
and CFD in accurately modelling urban boundary layer flow and flow within a
simplified street canyon.
It was shown that there are problems recreating urban boundary layer due
to the decay in turbulence profiles as we move downstream of the inlet. It was
found that this can be improved by:
• Selecting inlet profiles which are in agreement with the turbulence model
• Adjusting the k-ε model constants
Updated values for k-ε model constants were found through the statistical
method of Bayesian Calibration. Bayesian Calibration was shown to be a promis-
ing method for investigating and reducing the amount of uncertainty contained
within CFD model parameters. The updated k-ε model parameters helped to
reduce the amount of decay in the turbulence profiles for the urban boundary
layer flow.
Through the modelling of flow within a simplified street canyon and compar-
ison with wind tunnel data it was found that:
• CFD and the k-ε model are able to provide a good qualitative prediction
of the flow features within a regular street canyon
• Velocities within and above the street are well predicted
• Qualitative prediction of turbulence within and above the street were gen-
erally well predicted. With the main features of peak in TKE above the
upwind roof, spread in TKE within the shear layer and higher TKE values
on the downwind side of street all recreated within the CFD model
• Quantitative comparison of TKE values showed that the TKE levels were
generally underpredicted within and above the street canyon due to the
underprediction of TKE above the upwind roof
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The updated k-ε model constants found for the urban boundary layer through
Bayesian calibration were also implemented for street canyon flow. It was found
that these values had a negative effect on the level of convergence obtained for
the CFD simulation and did not offer improvements of TKE prediction within or
above the street canyon. Therefore although Bayesian calibration can be a useful
tool in assessing and reducing the amount of parametric uncertainty within a
CFD model, the selection of model parameters for calibration should be done with
care as complex dependencies between the parameters could result in instabilities
within the model.
To improve turbulence predictions it would generally be recommended to test
different turbulence models. This is out of the scope of the current research but
is currently an active area of research and recommended as a way of expanding
on the work carried out in this thesis.
79
Chapter 5
Field Measurements of Airflow
within Street Canyons, both with
and without Tree Planting
This chapter summarises the findings of a field measurement campaign of wind
velocity measurements carried out in two streets in South London, one tree-lined
and one non tree-lined. The aim of the field measurement campaign was to make
an assessment as to the effect of tree planting on airflow patterns, wind speed
and wind turbulence within street canyons.
The chapter starts with an overview of the methodology used to carry out the
field measurement campaign, followed by a summary of the results of the field
measurements taken in the non tree-lined street and how these compare with the
results found in Chapter 4 as well as previous research. There will then be a
discussion on the results taken from the tree-lined street and finally a comparison
between the two sets of data.
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5.1 Field Measurements Methodology
5.1.1 Choice of Field Measurement Site
The aim in selecting a site suitable for the field measurement campaign was to
find two streets which would be subject to similar background wind conditions
with the main influence on the local wind microclimate being the difference in
tree planting. To accomplish this aim the following selection criteria was used:
• Two streets containing significantly different tree planting. One street con-
taining large mature tree planting and one street with little to no tree
planting.
• Neigbouring streets or two streets within close proximity to one another.
The building morphology surrounding the measurement site will have a
significant impact on the local wind environment. To ensure this is kept
constant during all measurements, two streets within close proximity should
be chosen. Neighbouring streets also allows for quick transfer of monitoring
equipment between the two streets thus allowing measurements to be taken
under similar wind conditions.
• Similar building geometry on both streets. The geometry of the buildings
flanking the street canyon can have a significant impact on the local wind
environment within the street. In particular the roof geometry and aspect
ratio of the street have been shown to have a significant influence on the
local wind climate and therefore these factors should be kept constant.
• Low traffic flow. Movement of vehicles within the street can create turbu-
lence at low levels within the street canyon and influence the local wind
microclimate therefore it is important to choose two streets in which traffic
flow will not be high enough to have a significant influence on field mea-
surement results.
Based on this selection criteria two streets in South-West London were chosen
for use in the field measurement campaign. Drakefield Road contained only a
few ornamental trees whereas Streathbourne Road contained large mature tree
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planting with very little spacing between the tree canopies. These will be referred
to as our tree-lined and non tree-lined streets respectively.
5.1.2 Description of Site
The immediate area surrounding the measurement site comprises mainly of low
rise residential housing with some shops, schools and office buildings. To the
South-East of the streets is Tooting Bec Common which is a large parkland area.
Although the tree planting within the park does provide some shelter the park
is relatively open leaving the streets of interest exposed to any South-Easterly
winds. The topology of the land is fairly flat with some slightly hilly terrain. A
satellite view of the field measurement site is given in Figure 5.1.
The field measurements were taken within two streets, Streathbourne Road
and Drakefield Road, as well as a reference measurement taken above roof top
level.
The streets are lined either side by continuous uniform houses with pitched
roofs. Drakefield Road contains terraced housing while Streathbourne Road has
small gaps (approximately 1m) every 4th building. The streets are approximately
500m long and have pavements and parking bays along both sides of the road.
Choosing streets of this length allows the focus of the study to be on the flow
effects occurring at the centre of the length street canyon without considering the
flow at the end of the streets which is known to be complex [Dobre et al., 2005].
An important consideration when considering flow pattern formation in street
canyons is the aspect ratio which is street width divided by the building height
(H/W). The typical height of buildings on Streathbourne Road is 10.5m and the
street width is 22.5m giving an aspect ratio of 0.47. The typical height of buildings
on Drakefield Road is 9.5m and the width is 19.1m giving and aspect ratio of 0.5.
The roof geometry of both streets is a pitched roof with large dormer windows.
All houses have a small front garden approximately 3m in depth, usually bounded
by a low wall or hedge. Photo’s of each street can be found in Figure 5.2.
These two particular streets were chosen due to the difference in tree plant-
ing. Streathbourne Road contains large mature trees which dominated the street
canyon space, while Drakefield road only has a few small ornamental trees which
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could be considered to be on the same scale as the street furniture such as lamp-
posts and signposts. This allows for the assessment of how wind conditions vary
due to the difference in tree planting. The tree species planted in Streathbourne
Road is the London Plain tree which is a deciduous tree species. This species is
extremely common in London and many other big cities. The trees are planted
along the pavement edge along both sides of the street with spacing between the
tree trunks varying between 2.8m and 10.7m. Generally there is very little spac-
ing between the tree canopies with the trees almost touching in most cases. The
largest gap between canopies is 10m. Figure 5.3 shows a 3-D representation of
the canopy size and position.
5.1.3 Meteorological Conditions
The dominant wind direction for London is West to South-Westerly. Since the
orientation of the street axis is North-West to South-East we would expect to see
a wind direction which is perpendicular to the street axis in most cases. This
is known to be the worst case scenario for pollution dispersion and is therefore
the most commonly studied case. Details of temperature humidity and a brief
description of the weather was recorded for each of the measurement days.
5.1.4 Choice of Equipment
The equipment used to measure wind conditions within the street were Gill wind-
sonic 2 axis ultra-sonic anemometer and 3 axis ultra-sonic anemometer. The sonic
anemometer measures the time it takes an ultrasonic pulse of sound to travel from
transducer A to transducer B. This is then compared against the time it takes a
similar pulse to travel from B to A (see Figure 5.4). The magnitude and direction
of the wind can be determined from the difference in the two times . The number
and positioning of these transducers determines how many directional compo-
nents of the wind can be captured. For example the 2 axis anemometer could
capture the North-South and East-West directional wind components whereas
the 3 axis anemometer could capture the North-South, East-West and vertical
components of the wind.
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Ultrasonic anemometers were chosen over other anemometers such as pro-
peller or cup anemometers due to the fact that these anemometers do not require
a start up speed and can therefore measure the low wind speeds commonly expe-
rienced in street canyons, they can give the directional components which some
anemometers such as the cup anemometers can not and they can take measure-
ments at a relatively high sampling frequency which is important when calculating
turbulence statistics.
Wind velocities were measured along 3 axis, these were the direction aligned
with the street length (u velocity), across the street (v velocity) and vertical
direction (w velocity). The orientation of these axes is defined in Figure 5.3.
5.1.5 Weather Station
A weather station was set up on the roof of a nearby church to take reference mea-
surements during the field measurement campaign. The church is located 1 mile
South-West of the measurement site. The height of the church roof is 16m and
the anemometer was placed on top of a 3m tripod (see Figure 5.5). Instantaneous
wind speed, direction, temperature and humidity measurements were taken every
minute. The anemometer used was a 2-D Gill sonic anemometer. The temper-
ature and humidity were taken using a Hydroclip2. The weather station stayed
on the roof for a period of 12 months and logged data continuously for the entire
time. It was powered by a 12volt battery and solar panel. Measurements were
sent remotely using a GPRS logger to a website which displayed the live data
and also logged all data.
It is important to have a background reference measurement as the field mea-
surements within the streets will be carried out over a number of different days
and the varying wind conditions will need to be accounted for. The measure-
ments from the weather station will be used to normalise the field data to allow
for comparison of data taken on different days as well as comparison with results
from CFD models.
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5.1.6 Street Measurements Description of Method
Street measurements of wind velocities, temperature and humidity were carried
out on a total of 24 days. Two types of measurements were taken: vertical profiles
which consisted of measurements taken at several heights on either side of the
street and horizontal profiles which consisted of measurements taken at the same
height at various points along the length of the street.
5.1.6.1 Vertical Profiles
The locations of the vertical profile measurements are shown on the satellite map
in Figure 5.1. To obtain measurements at different heights within the street a 6m
mast was used. The amount of equipment available varied throughout the mea-
surement campaign and therefore the number of heights at which measurements
were taken and number of simultaneous measurements were varied accordingly.
Table 1 in the appendix gives full details on heights at which measurements were
taken for each day as well as which measurements were taken simultaneously. The
table also specifies the number of masts used, in the case where two masts were
used these were placed either side of the road in order to obtain simultaneous
measurements for both sides of the street (see Figure 5.6).
The anemometers were attached to the mast using a metal rod and clamp. The
distance between the mast and the anemometers was 30cm (see Figure 5.7). An
extension was added to the top of the mast to obtain the top height of 7 m. The
sampling frequency for all wind velocity measurements was 1Hz. Temperature
and humidity readings were taken once per minute. These measurements were
carried out on both sides of Streathbourne and Drakefield Road.
5.1.6.2 Horizontal Profiles
Four 2-d sonic anemometers were used to take measurements along the length of
the street. Two anemometers were placed on each side of the street and arranged
at right angles to one another as described above. The height of the tri-pods
on which the anemometers were placed was 1.5m (see Figure 5.8 for details).
Measurements were taken for a duration of 10 minutes at each location after
which the two tri-pods were moved a set distance along the road to the next
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location. The location of the measurements in relation to the tree canopies is
given in Figure 5.9. The sampling frequency for all measurements was 1Hz.
5.1.7 Data Processing
5.1.7.1 Sampling Period
Due to the high cost of field equipment it is likely that in some cases more mea-
surement locations are required than instrumentation available therefore stag-
gered measurements will have to be carried out. In such cases we would ideally
look to minimise the time between each set of measurements to avoid changing
wind conditions. However a compromise must be reached between minimizing
the time difference between each set of measurements and leaving the equipment
in place long enough to acquire meaningful results.
In order to inform the decision on the sampling period to be used for the
current set of measurements the cumulative mean was calculated for each mea-
surement location over a number of different days and wind conditions. Analysis
of the data showed that after a period 5 minutes, sampling at a rate of 1 Hz the
mean wind speed becomes stable this can be seen in Figure 5.10.
In their research into flow at a complex intersection, Dobre et al. [2005],
performed a time series analysis of their field data taken from a London street
canyon. They found that the most energetic scales lay in the region 1-300s or 3.3
x 10−3 to 1 x 10−1 Hz. They concluded that an averaging period of 10 minutes
would give a reasonable picture of the dynamics of the largest scales of the flow.
They also found that 10 minute period corresponds to the time scales associated
with the cross street recirculation vortices.
For these reasons, along with the fact that the 10 minutes averaging period
has commonly been used in these types of studies in the past and therefore makes
for easy comparison with other research, an averaging period of 10 minutes was
chosen for each measurement location.
5.1.7.2 Averaging Technique
Measurements from the 2-D anemometer were output as a wind speed and direc-
tion. Output from the 3-D anemometer was given in the form of 3 separate wind
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components. Since we are interested in the vector components the output from
the 2-D anemometer was split into its 2 components using simple trigonometric
techniques. Given a wind speed S and direction θ for N data samples the along










In the case where the 2-D anemomters were measuring the across street, v,










The same process was used to calculate the average wind components for the
reference wind velocity. In the case where and average wind speed or direction is
needed rather than just the vector this was calculated as:
S¯ =
√






This vector averaging process is used instead of simply taking the scalar aver-
age of S and θ as it has been reported that under light wind conditions (< 2 m/s)
there can be noticeable differences between scalar averaged and vector average
wind speed and direction Thuillier [1995]. Therfore a vector average was used
throughout.
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5.1.7.3 Calculating Turbulence Characteristics
The turbulence was characterised by the calculation of turbulence intensity and
turbulence kinetic energy. The presence of turbulent eddies within a flow creates
fluctuations within the velocity. This can be seen if we plot the velocity taken
at a single point over a period time. It will be seen that the velocity fluctuates
about mean. The velocity can be decomposed into its mean and fluctuating part
u(t) = u¯+ u′(t) (5.7)
This is commonly referred to as the Reynolds Decomposition. To characterise
the strength of the velocity fluctuations we can calculate the root mean square,









The turbulence intensity is then commonly given as:
uTI = urms/u¯ (5.9)










Figure 5.1: Satelite view of the two streets in which field measurements were
taken. Drakefield Road left, Streathbourne Road right. Red indicates location at
which vertical profiles were taken.
Figure 5.2: Photos showing Drakefield Road (left) and Streathbourne Road
(right)
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Figure 5.3: Three-Dimensional view of tree canopy locations within the street
and measurement axis definition
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Figure 5.4: Sonic 3-D anemometer used to carry out field measurements
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Figure 5.5: Weather Station set up to obtain reference wind speed measurements
Figure 5.6: Masts and anemometers used to take vertical measurement profiles
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Figure 5.7: 2-D anemometers attached in pairs
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Figure 5.8: Anemometers used to take horizontal field measurements
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Figure 5.9: Locations along the street length at which measurements were taken
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Figure 5.10: Cumulative mean of the wind velocity shown in red
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5.2 Field Measurements of Air Flow within a
Non Tree-Lined Street Canyon
Experimental and computational studies of street canyon flow often focus on
very simplified versions of street canyons. In reality street canyons are far more
complex, with detailed building geometry, street furniture and subject to highly
variable wind conditions. It is therefore highly important to have field measure-
ments which can give an indication as to whether the simple street canyons often
studied in literature provide an accurate representation of reality. This section
of the chapter will analyse the set of field measurements taken from what we will
term non tree-lined street i.e. the street canyon which does not include mature
tree planting. The aim of this analysis is to determine if the classical flow features
presented in Chapter 4 and previous research are evident from the results of the
field measurements.
5.2.1 Airflow Patterns
In order to gain an understanding of the flow patterns within the streets vector
plots of the u, v and w velocity components of the wind data were analysed (see
Figure 5.3 for orientation of u,v and w). Two types of vector plots are given, one
which shows a vertical cross section of the street and one which shows a horizontal
cross section. Figure 5.6 and Figure 5.9 gives an indication of the measurements
locations within the street.
Two such vector plots are shown in Figures 5.11 and 5.12. The data for these
plots was taken on the 6th September and 5th April respectively. The wind roses
relating to the background wind conditions on both of these days can be seen
in Figure 5.13. It can be seen that on the days when this data was collected
the background wind direction was oblique to the street axis. The average wind
speed for the 6th September was 6m/s and 4m/s for the 5th April.
Figure 5.11 shows the vector plot of a vertical cross-section of the street,
produced for the data taken on the 6th September, the arrow at the top of the
vector plot indicates the direction of the background wind. From the vector plot
we can see that there is a negative w velocity, or downdraft, on the downwind
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side of the street and a positive w velocity, updraft, on the upwind side of the
street. Such features are indicative to the kind of recirculating vortex we saw in
the wind tunnel street canyon in Chapter 4 and is common in literature.
Analysis of the across street velocity, v, shows a shift in direction at the
uppermost heights on the downwind side of the street. It switches from being
positive (in-line with the background wind direction) to negative (opposite to the
background direction) and remains in this direction for all lower heights. This is
again in support of the presence of a recirculating vortex within the street. The
location of the switch in direction of the v velocity is an important feature as
it gives an indication of where the centre of the vortex may occur. This always
happens between the top two heights, which are 6 m and 7 m or z/H = 0.63 and
z/H = 0.74.
In order to understand the 3-dimensional nature of the flow within the street
a vector plot showing flow along a horizontal cross section taken at a height of 1.5
m is shown in Figure 5.12. Due to the fact that not all measurements are taken
simultaneously the vector plots show both the in street velocity and the reference
velocity taken for the same 10 minute period. The v velocity consistently shows
the opposite direction to the reference v velocity which is in support of the findings
from the vertical profiles. The u velocity within the street is in the same direction
as the reference u velocity for the majority of cases.
Under oblique wind direction the vector plots produced would indicate that
the flow within the street can be thought of as a composition of an across street
recirculating vortex and an along street wind component. This can be thought
of as a helical or cork-screw like flow pattern often discussed in literature.
5.2.1.1 Effect of Background Wind Direction on Flow Patterns
Based on previous findings within literature we know that the background wind
direction has a dominant effect on the flow patterns within the street. We will
therefore investigate how the flow patterns discussed above change with wind
direction.
Figure 5.14 shows two vector plots taken on a vertical cross-section of the
street. The top figure shows data taken on the 6th September and the bottom
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figure shows data taken on the 29th July. The main difference between the two
plots is the direction of the background wind direction. On the 6th September
the wind direction is West South-Westerly on the 29th July the wind direction is
East North-Easterly. This has the effect of changing the direction of the vortex
from clockwise to anti-clockwise.
In order to understand how the along street velocity component, u, varies
with wind direction, vector plots showing flow along a horizontal cross section are
shown in Figure 5.15 for data taken on the 5th April, 2nd April and 30th June
respectively. By plotting the data for these 3 different days we are able to see
how the above street wind direction impacts the in-street wind direction. The v
velocity consistently shows the opposite direction to the reference v velocity which
is in support of the findings from the vertical cross-sections. The u velocity within
the street is in the same direction as the reference u velocity for the majority of
cases.
Measurements taken on the 5th April show a background wind direction that
is almost perpendicular to the street length this is reflected in the in-street wind
direction for which the majority of the measurement locations show a perpendic-
ular direction. As we move on to measurements taken on the 2nd April and 30th
June the u component of the background wind direction becomes more dominant
and the wind direction becomes oblique to the street axis. It can be seen that
this variation in wind direction above the street is reflected for the wind direction
within the street. This suggests there is a strong relationship between the above
roof top and in-street wind direction.
5.2.1.2 Effect of Stability of Background Wind Direction on Flow Pat-
terns
The variability in wind direction throughout the day can have an impact on
the flow patterns within the street. To assess this impact the 15 days worth
of vertical measurements were split into two groups. Those days on which the
wind conditions can be considered fairly stable and there is little variation in
wind direction and days on which there are large variations in wind direction. In
order to assess the extent of wind direction variability two methods were used
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the first was to use the wind rose diagrams which were produced for each day of
measurements (see Appendix .1). This allows us to see the percentage of time the
wind is coming from a certain direction. The second is to calculate the standard
deviation in wind direction. The greater the standard deviation the less stable
the wind direction.
Table 5.1 shows typical wind statistics for each of the 15 days of measurements.
The average wind direction is shown, this is taken to be the mode, or most
common wind direction, rather than the mean as taking the mean can sometimes
give a distorted view of the wind direction. Group 1 shows the days on which the
background wind direction can be considered to be stable with little variation,
this is categorised as a standard deviation of less than 100 or if at least 80% of
the wind direction lies within a 90 degree quadrant. Group 2 can be thought of
as the days on which there was high variability in the background wind direction,
this is categorised as a standard deviation of grater than 100 or if less than 80%
of the wind direction recordings lies within a 90 degree quadrant. These groups
are shown in Table 5.1.
The vector plot shown in Figure 5.17 is taken from group 2 in which the back-
ground wind conditions are considered to be unstable. The vector plot produced
in this case is very similar to Figure 5.16. Although the wind direction does vary
throughout the day it does remain within the 90 degree sector of Southerly to
Westerly wind direction. The wind direction is always either oblique or perpen-
dicular to the street axis. It would seem that under such wind conditions it is
still possible to see the formation of a stable vortex within the street.
Figure 5.18 shows the vector plot produced on a day in which the background
wind direction was switching between South South-Easterly and North-Easterly.
This represents a situation in which the flow is switching between an oblique and
parallel direction to the street. It can be seen that the vector plot produced for
such conditions is very different to the previous plots. The flow is highly chaotic
and no clear pattern is present.
It is not always the case that highly variable wind direction inhibits the for-
mation of a vortex within the street. Figure 5.19 shows data taken on a day
in which the background wind direction is split between two quadrants similar
to wind conditions on the 25th July (Figure 5.18) however it is still possible to
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see the same features present in previous plots with positive w velocities on the
upwind side of the street and negative on the downwind side of the street. It is
possible that a vortex is still able to form within the street if the wind direction
is stable only for a short period of time.
All 15 days of measurement can be seen in Apppendix .1 along with their
respective wind roses. The majority of vector plots are very similar to those
shown in Figures 5.11 to 5.17 with downdrafts on the downwind wall and updrafts
on the upwind wall and across street flow direction opposite to that above the
street. The exceptions are data taken on the 6th June and 25th and 26th of July




Taking vertical profiles allows for the assessment of variation in velocity values
with height within the street. Profiles are given for v and w velocities. The
velocities have been normalised by the background vref velocity which is the
velocity measurement taken at the weather station of wind component which is
perpendicular to the street axis.
Analysis of the airflow patterns showed the impact of varying background wind
direction could have on the results. In this section we will plot the vertical profiles
for the groups shown in Table 5.1 to assess the effect varying wind conditions has
on the velocity profiles within the street.
First we will assess profiles of the across street, v, velocity and vertical, w,
velocity of data taken from group 1 (stable wind conditions). These profiles are
shown in Figures 5.20 and 5.21. The figures show the mean value at each height
along with box and whisker diagrams. The central line of the box indictes the
median of the collected data, the ends of the box indicates the first and third
quartiles while the ends of the whiskers show the maximum and minium data
values collected. Plotting the data in this way allows for a clearer presentation
of the results and for easy comparison with other data sets.
Vertical profiles of the v velocity within the street taken when wind conditions
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were stable (see Figure 5.20) show a linear trend with height within the street.
V velocities decrease with increasing height up to the point where they cross the
zero mark after which they increase with increasing height. The point where they
cross zero velocity is around z/H = 0.62 on the downwind side of the street and
0.67 on the upwind side of the street. Below a height of z/H = 0.3 on the upwind
side of the street the linear relationship breaks down and there is a decrease in
velocities within this region. This is likely due to the presence of street furniture
which is interfering with flow at this level which will be discussed further in later
sections. The presence of the street furniture is also likely to account for the
greater variability in the the wind speed measurements at lower heights which
can be seen by the larger whiskers at these heights.
Vertical w velocity profiles are shown in Figure 5.21 for days when the wind
conditions are stable. Under these wind conditions we find positive values on the
upwind side of the street and negative values on the downwind side of the street
as would be expected if there is a rotational vortex within the street. The shape
of the profile is curved with velocities increasing with increasing height up to a
height of between z/h = 0.4 - 0.5 after which the velocities begin to decrease. On
the whole velocities tend to be larger on the upwind side of the street particularly
at the point where the peak w velocity occurs.
The velocity profiles taken on days when the wind conditions were not stable
are shown in Figures 5.22 and 5.23. Only the individual profiles are plotted in
this case due to the variability of data across the different days a mean profile
would not be useful.
The v velocity profiles taken on the days on which wind conditions were
variable are shown in Figure 5.22. It can be seen that the profiles are significantly
different to those obtained when the wind direction was stable and show great
variability with height.
The w velocity profiles taken on days when the wind conditions were unstable
are shown in Figure 5.23. Again the profiles are significantly different to those
taken on days when the wind conditions were stable. The profiles show a linear
profile with height unlike the measurements take on stable days which show a
curved profile with height. However they do show clear updrafts on the upwind
wall and downdrafts on the downwind wall.
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Overall the profiles shown for stable conditions support the presence of a
rotational vortex within the street canyon. There is seen to be a linear relationship
between the v velocities and height within the street as well as downdrafts on
the downwind wall and updrafts on the upwind wall. The measurements taken
on days on which the wind conditions are unstable were significantly different to
those taken on stable days and generally do not show evidence of a rotational
vortex being present.
5.2.2.2 Horizontal Measurements
As well as taking measurements at various heights within the street, measure-
ments were also taken along the length of the street. These measurements will
be used to analyse how background wind conditions effect the velocities within
the street canyon.
The vector plots presented in the previous section suggest that the flow within
the street canyon can be thought of the superposition of an across street rotational
vortex and an along street channeling of the wind. The strength and direction of
the rotational vortex appears to be controlled by vref , this is the velocity compo-
nent of the background wind which is perpendicular to the street length and the
magnitude of the along street velocity component would appear to be controlled
by uref this is the velocity component of the background wind which is parallel
to the street axis. To further test this hypothesis all three wind components
u, v and w from measurements taken at head height were plotted against both
the parallel, uref and perpendicular vref wind velocities taken from the weather
station for the corresponding time period.
Figure 5.24 shows all 3 in street wind components plotted against uref . The u
velocity within the street shows a linear correlation (r = 0.7) with uref . There is
no clear correlation between uref and the vertical, w, component and the across
street, v, component.
Plotting the data against vref (see Figure 5.25) we see no correlation with the
in street u velocity. There is a linear correlation with the v and w components (r
= 0.56 and 0.47 respectively) although not as strong as uref vs. u correlation.
Overall the data supports the hypothesis that the flow within the street can
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be decomposed into the wind flow channeled along the length of the street, which
is driven by the background wind which is parallel to the length of the street and
an across street rotational vortex rotational vortex driven by the perpendicular
background wind component. This allows us to compare data taken on different
days under different wind directions by splitting the wind within the street into its




The turbulence intensity is a measure of the velocity fluctuation calculated for
each directional component. This is given as the standard deviation of the velocity
fluctuations normalised by the mean wind speed. Different methods for normalis-
ing of the standard deviation have been used in the past for street canyon studies.
Some prefer to normalise by the local mean wind speed taken at the anemometer
for which the standard deviation is being calculated others use a reference mean
wind speed taken above roof top level. Here I will be normalising by the wind
velocity taken above roof top level, as this is seen to be the more appropriate
method when comparing data taken at different locations within the street and
different data sets such as CFD or experimental.
Figures 5.26 and 5.27 show profiles for the turbulence intensities within the
street. The profiles show highest values are given at the greatest heights on the
downwind side of the canyon these values decrease as we move down inside the
canyon. The turbulence intensities are smaller on the upwind side of the street
compared with the downwind. This is likely to be due to the loss in momentum
as turbulence is advected down from the shear layer above the roofs and across
the street.
To test the level of isotropy or anisotropy of the turbulence within the street
the contribution each turbulence component makes to the overall TKE budget




w) we calculate σ
2
i /2 ∗ TKE for i
= u, v and w. If the turbulence is isotropic then we would expect this value to
equal 1/3 for all σu, σv and σw. These calculations were made for both vertical
and horizontal measurements and can be seen in Figures 5.28. Results show that
generally turbulence within the street is anisotropic with σu making up the largest
part of the TKE budget.
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Figure 5.11: Vector plot for 6th September for non tree-lined street. Red arrow
gives the background wind direction and velocity of 1m/s for scale
Figure 5.12: Horizontal vector plot for 5th April for non tree-lined street. Black
arrows show in-street velocities, blue arrows show background wind velocities
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Figure 5.13: Windrose showing background wind conditions for 6th September
(left) and 5th April (right)
Figure 5.14: Vector plot and windrose showing background wind conditions for
6th September and 29th July for the non tree-lined street
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Figure 5.15: Horizontal vector plot for 5th April (top), 2nd April (middle) and
30th June (bottom) for non tree-lined street. Black arrows show in-street veloci-
ties, blue arrows show background wind velocities
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Figure 5.16: Vector plot and windrose showing background wind conditions for
6th September for the non tree-lined street
Figure 5.17: Vector plot and windrose showing background wind conditions for
10th June for the non tree-lined street
Figure 5.18: Vector plot and windrose showing background wind conditions for
25th July for the non tree-lined street
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Figure 5.19: Vector plot and windrose showing background wind conditions for
27th July for the non tree-lined street
Figure 5.20: Vertical profiles of v velocity component for upwind (left) and down-
wind (right) side of the non tree-lined street with box and whisker plots showing
first and third quartiles and maximum and minimum data points
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Figure 5.21: Vertical profiles of w velocity component for upwind (left) and down-
wind (right) side of the non tree-lined street with box and whisker plots showing
first and third quartiles and maximum and minimum data points
Figure 5.22: Vertical profiles of v velocity component for upwind (left) and down-
wind (right) side of the non tree-lined street with box and whisker plots showing
first and third quartiles and maximum and minimum data points
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Figure 5.23: Vertical profiles of w velocity component for upwind (left) and down-
wind (right) side of the non tree-lined street with box and whisker plots showing
first and third quartiles and maximum and minimum data points
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Figure 5.24: Comparison between reference u velocity and in-street u, v and w
velocities, for Upwind (left) and Downwind (right) side of the non tree-lined street
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Figure 5.25: Comparison between reference v velocity and in-street u, v and w
velocities, for Upwind (left) and Downwind (right) side of non tree-lined street
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Figure 5.26: Mean normalised v component turbulence intensity profile for non
tree-lined street with box and whisker plots showing first and third quartiles and
maximum and minimum data points. Left figure shows profiles for upwind side
of the street, right figure shows profiles for downwind side.
Figure 5.27: Mean normalised w component turbulence intensity profile for non
tree-lined street with box and whisker plots showing first and third quartiles and
maximum and minimum data points. Left figure shows profiles for upwind side
of the street, right figure shows profiles for downwind side.
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Figure 5.28: Fraction that each turbulence intensity contributes to overall TKE
value. u TI - Red, v TI - Blue and w TI - Green. Left hand figure shows upwind













07/06/2011 4.3 195 33 Group1
08/06/2011 5.0 194 28 Group 1
09/06/2011 3.4 263 31 Group 1
10/06/2011 2.1 218 60 Group 1
02/09/2011 2.5 196 39 Group 1
05/09/2011 5.1 226 31 Group 1
06/09/2011 5.9 201 23 Group 1
07/09/2011 4.7 242 25 Group 1
08/09/2011 2.9 237 30 Group 1
29/07/2011 2.5 31 92 Group 1
06/06/2011 1.7 25 130 Group 2
25/07/2011 2.5 40 123 Group 2
26/07/2011 2.3 16 136 Group 2
27/07/2011 2.9 9 139 Group 2
28/07/2011 2.2 23 135 Group 2
Table 5.1: Wind statistics for vertical measurement days
1Criteria for Group 1: standard deviation of less than 100 or at least 80% of the wind
direction lies within a 90 degree quadrant. Criteria for Group 2: standard deviation of more
than 100 or less than 80% of the wind direction lies within a 90 degree quadrant
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5.2.4 Comparison with Wind Tunnel Results
The wind tunnel results shown in Chapter 4 are typical of the flow features
found in an idealised street canyon often studied in literature. We are not able
to make a direct quantitative comparison between the wind tunnel results and
field measurement results as the geometry of the two streets is different and the
height at which the reference wind velocity used to normalise the data is also
different. However it is still useful to compare the two sets of results to see if any
of the classic flow features often discussed in literature can be detected in the
field measurements.
Figure 5.29 shows a comparison of the vector plot produced by wind tunnel
data and field measurements. In both cases on the downwind side of the street
the flow is directed downwards into the street and then across the street canyon
floor to the upwind side of the street. On the upwind side of the street the flow is
directed upwards towards roof level. In both cases the magnitude of the vectors is
greatest at lower levels within the street and decreases towards the centre height
of the canyon.
The main difference between the two sets of data is the magnitude of the
vectors. The magnitude of the field measurement is larger than that of the wind
tunnel. This will largely be due to the fact the wind tunnel data was normalised
by the wind speed at boundary layer height whereas the field measurement data
was normalised by the wind speed taken at a height of 19m which is well below
boundary layer height and therefore a much lower velocity.
Comparison of the across street velocity, v, profiles is shown in Figure 5.30.
By comparing the field data with the data taken from the wind tunnel experiment
we can see that on the upwind side there is no change in the velocity profile at
lower heights as measurements were taken in an empty street canyon. Comparing
the field measurement profiles with the wind tunnel data taken on the downwind
side of the street we can see a similar linear profile. The gradient of this profile
is slightly steeper for the wind tunnel data. One possible explanation for this is
the differences in aspect ratio of wind tunnel and field measurement streets.
The point at which the two profiles cross the zero mark is relatively similar in
both field measurements and wind tunnel. In both cases this point is above the
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height of z/h = 0.5. In the case of the wind tunnel this is due to the fact that
an isolated street canyon was tested, multiple street canyons leads to a stabilized
flow and the centre of the vortex lies at the centre of the street canyon. In the
case of the field measurements there are multiple streets present however there
are large spacing between the streets due to the large garden sizes. The aspect
ratio of the street will also effect where the centre of the vortex lies.
Figure 5.31 shows the profile for the vertical velocity, w for both wind tunnel
and field measurement data. Comparison of the data shows some similarities in
the shape of the profile although the field measurement profiles are much more
curved than those produced by the wind tunnel. The wind tunnel data shows
increasing w velocities with increasing height whereas the field measurements
show increasing velocities up to a height of between z/H = 0.4 - 0.5 at which
point the velocities decrease with height. Both sets of data show a decrease in
velocities on the downwind compared with the upwind side of the street.
The TKE values for the wind tunnel data taken on the downwind side of the
street show a linear profile in which the TKE levels increase with height. A similar
profile is shown for the field measurement data. This increase in turbulence at
greater heights within the street on the downwind side can be explained by the
results shown in Chapter 4. Figure 4.14 shows the TKE contour produced by
both the CFD and wind tunnel results. TKE is produced in the shear layer
above the building roof tops this is then advected downwards into the canyon by
downdrafts on the downwind wall and across to the upwind side of the street by
the recirculating flow. As the TKE is advected into the canyon momentum is lost
and therefore TKE levels decrease we move down inside the street. This results
in highest TKE levels at the greatest heights on the downwind side of the street.
These levels decrease as we move lower into the canyon. On the upwind side of
the street TKE values remain fairly low and are shown to be uniform with height.
This process explains the TKE profiles obtained from the field measurement data,
this also supports the idea of a recirculating vortex being present within the field
measurement streets.
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Figure 5.29: Comparison between vector plot for wind tunnel data and field
measurements taken on 6th September. Field measurement shown in red and
green and wind tunnel results shown in blue
Figure 5.30: Comparison between v velocity profiles for wind tunnel and averaged
field data taken on upwind (left) and downwind (right) side of the tree-lined street.
Field measurements shown in red and wind tunnel results shown in blue
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Figure 5.31: Comparison between w velocity profiles for wind tunnel and averaged
field data taken on upwind (left) and downwind (right) side of the tree-lined street
Figure 5.32: Comparison between TKE profiles for wind tunnel and field data
taken on upwind (left) and downwind (right) side of the tree-lined street
121
5.3 Field Measurements of Airflow in a Tree-
Lined Street
In the previous section of this chapter we have discussed field measurement results
taken from a non tree-lined street and how these compare with results for simple
idealised street canyons. In this section of the chapter we will discuss the results
of the field measurements taken from the tree-lined street.
5.3.1 Airflow Patterns
In order to gain an understanding of the type of flow patterns occurring within the
street, field data is plotted in the form of vector plots. Two types of vector plots
are presented: those taken from measurements at different heights within the
street, these are referred to as vertical cross sections and those taken at the same
height but different locations along the length of the street, these are referred to
as horizontal cross sections.
Figure 5.33 shows the vector plot of field data taken on the 6th September.
Key flow features identified in our non tree-lined street are also present in the tree-
lined street. The across street wind component, v, acts in the opposite direction
to the background v wind component, vref , with the exception of the upper most
height on the downwind side of the street. On the upwind side of the street there
is found to be a consistent updraft at all heights, i.e. a positive w velocity.
There are also some differences between the two sets of data. In the presence of
a rotational vortex we would generally expect to see downdrafts on the downwind
side of the street (negative w velocities) however the results taken for the tree-
lined street show a variation of positive and negative w velocities with typical
vertical velocities remaining low.
Therefore although the flow patterns share many similarities of those of a
rotational vortex, it is not clear how intermittent the formation of any such
vortices would be and the level of disruption caused to typical street canyon flow
patterns by the introduction of the tree canopies. To truly understand the flow
conditions within the street a much greater number of measurements would be
required over a longer time period.
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A vector plot of a horizontal cross section of the street taken at a height of
1.5m is shown in Figure 5.34 along with the background wind direction given in
blue. At this height all across street, v, velocities are in the opposite direction to
the background v velocity with the exception of one location on the upwind side
of the street. The direction of the along street, u, component generally matches
the background u velocity. The flow pattern remains fairly uniform across the
length of the street with the exception of two locations on the upwind side of the
street.
5.3.1.1 Effect of Background Wind Direction on Airflow Patterns
Figure 5.35 shows the vector plot for a vertical cross section of the street for data
taken on the 29th July. The background wind direction on this day was North-
Easterly. Comparing with the vector plots taken on the 6th September, for which
the wind direction was South-Westerly, we can clearly see the impact the changing
wind direction has had on the in street flow patterns. The v velocities on the
upwind side of the street are in the opposite direction to the reference v velocity.
The v velocities on the downwind side of the street do not show any clear relation
with the background wind direction as the v direction varies with height. The
wind flow on this side is dominated by the w velocity component.
Figures 5.36 show vector plots for horizontal cross sections of the street taken
for days on which the wind direction was at three different oblique angles to the
street length. Unlike the previous vector plots on a vertical cross section, these
vector plots show a clear relation between the background wind direction and in
street wind velocity. The direction of the in street u velocity is the same as the
reference u velocity. The direction of the in street v velocity is opposite to the
reference v velocity in most cases. The wind direction within the street follows
the reference wind direction, as the wind direction above the street becomes more
parallel to the street so does the wind direction within the street.
5.3.1.2 Effect of Stability of Background Wind Direction
The impact stability of wind direction can have on flow patterns within streets
was shown in section 5.2. To investigate the effect wind direction stability has
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on flow within the tree lined street data is plotted for two days on which the
wind direction was unstable. These are shown in Figures 5.37 and 5.38 It can be
seen that the flow patterns on these days are highly chaotic with no clear relation
with the reference wind direction and there is no evidence of the formation of a
rotational vortex within the street.
5.3.2 Velocity Profiles
5.3.2.1 Vertical Profiles
Taking vertical profile measurements allows for the assessment of velocity vari-
ation with height within the street. Profiles are given for the normalised across
street wind velocity (v velocity) and the vertical wind velocity (w velocity). The v
and w velocities are normalised by the component of the background wind which
is perpendicular to the street length (vref ). The data presented in this section
is taken on days when the background wind conditions are stable and foliage is
present on the trees (spring and summer months). The days used for analysis are
shown in Table 5.1 labeled group 1. Data is presented as the mean value of all
the measurement days along with box and whisker plots showing the maximum
and minimum normalised velocity recorded at each height.
Figure 5.39 shows the v velocity profile on the downwind and upwind side of
the tree-lined street. On the downwind side of the street the highest velocities
are experienced at the lowest heights and then decrease with increasing height
towards the point where they reach zero velocity. This type of profile is typical for
a street canyon subject to perpendicular or oblique wind conditions containing a
rotational vortex. On the upwind side of the street the velocities remain fairly
similar at the lowest three heights, the velocity increases slightly at the fourth
height and then decreases to zero above this height. The velocities are lower on
the upwind side compared with the downwind side, due to the loss in momentum
as the flow crosses the street. Overall the velocities remain fairly similar and close
to zero. The spread in velocity data is larger at the lower heights and becomes
narrower at greater heights.
Figure 5.40 shows the normalised w velocity profiles for the upwind and down-
wind side of the street. For the w velocity profile taken on the downwind side of
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the street the maximum velocities occur at z/H = 0.3 and z/H = 0.65 but overall
the velocities are all of similar order of magnitude and tend to stay close to zero.
The average values are either negative or zero, however the spread in the data
shows that positive values are recorded on certain days. This is contrary to what
we would expect if there is a rotational vortex within the street, for which we
would expect to see downdrafts on the downwind wall.
On the upwind side of the street the maximum velocities between z/H = 0.4
and z/H = 0.6, although again all velocities remain fairly similar, staying close
to zero. All mean values are positive and the spread in data does not cross over
into the negative values at any point, therefore updrafts are always experienced
on the upwind side of the wall.
5.3.2.2 Horizontal Measurements
In the previous section 5.2 we discussed the effect of background wind direction
on flow patterns within non tree-lined streets. Under oblique wind direction it is
believed that a helical or corkscrew type flow patterns develop within the canyon.
This can be thought of as the superposition of along street channeling and across
street rotational vortex.
Field measurements taken from the non tree-lined street supported the hy-
pothesis that the along street channeling is controlled by the background wind
component which is parallel to the street and the across street rotational vortex
is controlled by the background wind component which is perpendicular to the
street. To test whether this relation still holds for tree-lined streets, measure-
ments taken along the length of the street at head height are plotted against the
background wind velocity. Figure 5.41 shows the u velocity component within
the street plotted against the background u component (uref ), Figure 5.42 shows
the v velocity component against background v component (vref ) and Figure 5.43
shows the w velocity component against vref , the line of best fit is included in all
figures.
Results show a clear linear relationship between the along street component
u against the background uref wind component. Similarly there is a linear re-
lationship between in street v and w components and the background vref wind
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component. This supports the hypothesis that flow within the street canyon can
be decomposed into two parts; along street channeling which is driven by the
background wind parallel to the street and across canyon rotational vortex which
is driven by the background wind component which is perpendicular to the street.
5.3.3 Turbulence Statistics
Figures 5.44 and 5.45 show profiles for the turbulence intensities within the street.
We can see that there is little variation in turbulence with height within the street.
Turbulence levels are lower on the upwind side of the street compared with the
downwind side. This was discussed in section 5.2 and is likely to be due to the
loss in momentum as turbulence is advected down from the shear layer above the
roofs and across the street.
To test the level of isotropy or anisotropy of the turbulence within the street
the contribution each turbulence component makes to the overall TKE budget




w) we calculate σ
2
i /2 ∗ TKE for i
= u, v and w. If the turbulence is isotropic then we would expect this value to
equal 1/3 for all σu, σv and σw. These calculations were made for both vertical
and horizontal measurements and can be seen in Figures 5.46. Results show that
generally turbulence within the street is anisotropic with σu making up the largest
part of the TKE budget.
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Figure 5.33: Vector plot for 6th September for the tree-lined street
Figure 5.34: Vector plot for 5th July for the tree-lined street. In street velocity
vectors shown in black and background wind vectors shown in blue
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Figure 5.35: Vector plot for 29th July for the tree-lined street
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Figure 5.36: Vector plot for 5th July (top), 30th June (middle) and 2nd July
(bottom) taken on the tree-lined street. In street velocity vectors shown in black
and background wind vectors shown in blue
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Figure 5.37: Vector plot for 25th July for the tree-lined street (left) and back-
ground wind conditions (right)
Figure 5.38: Vector plot for 26th July for the tree-lined street (left) and back-
ground wind conditions (right)
Figure 5.39: Mean normalised v velocity profile for tree-lined street with box and
whisker plots showing first and third quartiles and maximum and minimum data
points. Left figure shows profiles for upwind side of the street, right figure shows
profiles for downwind side.
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Figure 5.40: Mean normalised w velocity profile for tree-lined street with box and
whisker plots showing first and third quartiles and maximum and minimum data
points. Left figure shows profiles for upwind side of the street, right figure shows
profiles for downwind side.
Figure 5.41: Reference u velocity against in street u velocity for tree-lined street.
Left figure shows data for upwind side of the street, right figure shows profiles for
downwind side.
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Figure 5.42: Reference v velocity against in street v velocity for tree-lined street.
Left figure shows data for upwind side of the street, right figure shows profiles for
downwind side.
Figure 5.43: Reference v velocity against in street w velocity for tree-lined street.
Left figure shows data for upwind side of the street, right figure shows profiles for
downwind side.
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Figure 5.44: Mean normalised v component turbulence intensity profile for tree-
lined street with box and whisker plots showing first and third quartiles and
maximum and minimum data points. Left figure shows profiles for upwind side
of the street, right figure shows profiles for downwind side.
Figure 5.45: Mean normalised w component turbulence intensity profile for tree-
lined street with box and whisker plots showing first and third quartiles and
maximum and minimum data points. Left figure shows profiles for upwind side
of the street, right figure shows profiles for downwind side.
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Figure 5.46: Fraction that each turbulence intensity contributes to overall TKE
value. u TI - Red, v TI - Blue and w TI - Green. Left hand figure shows upwind
side of street, right hand figure shows downwind
134
5.4 A Comparison Between Tree-Lined and Non
Tree-Lined Streets
5.4.1 Airflow Patterns
A vector plot of a vertical cross section of the two streets taken on the 6th
September is shown in Figure 5.47. Results taken for the non tree-lined street
show strong evidence of the formation of a rotational vortex, with downdrafts on
the downwind side of the street and updrafts on the upwind side of the street
as well as across street velocities in the opposite direction to the background
wind direction. Evidence of a rotational vortex is less clear for the data taken on
the tree-lined street. Although across street velocities are acting in the opposite
direction to the background wind direction and there is a consistent updraft on
the upwind side of the street, vertical velocities on the downwind side of the street
remain largely positive which is not what we would expect in the presence of a
rotational vortex.
Vector plots for all measurement days are given in Appendix .1. Vector plots
across all measurement days for the non tree-lined street show a consistent flow
pattern occurring within the street with the exception of those days on which
the background wind is unstable in which no clear flow pattern is produced. In
the case of tree-lined street however the vector plots show a greater day to day
variability most notably on the downwind side of the street where the w velocities
vary between positive and negative values. It is likely that the presence of the
tree canopies leads to a reduction in the wind velocities entering the street from
above roof top level inhibiting the formation of a rotational vortex, however more
detailed measurements would be needed to prove this is the case.
A vector plot of a horizontal cross section of both streets taken on the 4th
April are shown in Figure 5.48. It can be seen that results taken on the two streets
remain fairly similar with u velocities generally acting in the same direction as the
background u velocity and v velocities in the opposite direction to the background
v velocity. All measurements were taken at a height of 1.5m, the similarity in flow
patterns between the two streets would suggest that at this height the trees have
less of an effect on the flow patterns within the street. Again further investigation
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is needed to test this hypothesis.
5.4.2 Velocity Profiles
Figure 5.49 shows the v velocity profile on the downwind and upwind side of the
street for both tree-lined and non tree-lined streets.
Profiles taken on the downwind side of the street show a similar trend with
the highest velocities experienced at the lowest heights and a decrease in velocity
with increasing height towards the point where they reach zero velocity. The
point at which the two profiles cross zero is at a height of approximately z/H =
0.65 for both streets. The spread in data, as indicated by the whisker plots, is
very similar for the two streets with a greater spread in the data collected at the
lower heights compared with greater heights within the street. There is a clear
reduction in velocities for the tree-lined street compared with the non tree-lined
street. The reduction in velocity is greatest at the lowest heights within the street
and decreases as the height within the street increases. The two profiles reaching
the point v/vref = 0 at around the same normalised height of z/H = 0.7.
On the upwind side of the street the velocity profiles differ slightly. The values
taken on the tree-lined street remain close to zero and there is little difference
with height. Data collected on the non tree-lined street shows a much greater
variation in velocity with height, with peak velocities occurring at a height of
approximately z/H = 0.3 and velocities decreasing with height above this point.
Similaraly to the downwind side of the street we see that the most significant
difference between the two sets of data is the reduction in mean velocities for the
tree-lined street with the greatest reduction at the lowest heights and the two
profiles reaching the point of v/vref = 0 at approximately the same height. This
is in support of the hypothesis that trees extract momentum from the flow and
thus reduce wind velocities within the street.
Figure 5.50 shows the normalised w velocity profiles for the upwind and down-
wind side of both streets. The w velocity profile on the downwind side of the
tree-lined street varies to that taken on the non tree-lined street. Data collected
on the non tree-lined street shows consistent downdraft with a peak in velocities
at a height of z/H = 0.45. However on the tree-lined street there is no clear peak
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in velocities and velocity values vary between positive and negative values. This
is contrary to what we would expect if there is a rotational vortex within the
street, for which we would expect to see downdrafts on the downwind wall.
The w velocity profile on the upwind side of the tree-lined street shows a
greater similarity with that taken on the non tree-lined street. The maximum
velocities occur for values of z/H between 0.4 and 0.6. All mean values are
positive and the spread in data does not cross over into the negative values at
any point, therefore updrafts are always experienced on the upwind side of the
street. Comparison of the profiles taken for the two streets show that there is
a significant reduction in w velocities on the tree-lined street, most notably at
heights of z/H = 0.4 and z/H = 0.6 This is a clear indication of the effect that
trees can have on airflow within streets, suppressing the amount of vertical flow
that can occur within the street.
In the previous section 5.2 it was shown that any channeling of the wind along
the street is driven by the magnitude of the background wind component which
is parallel to the street and rotational vortices within the street are driven by the
perpendicular component of the background wind. The scatter plots showing this
relationship are given in Figures 5.51, 5.52 and 5.53. The line of best fit for both
sets of data are included in all plots and clearly shows the reduction in velocities
for the tree-lined street. The percentage reduction in each velocity component
between the two streets is given in Table 5.3.
To calculate the level of correlation between the in street wind component
and the background wind, the r values are calculated for each plot and given in
Table 5.2. The r values show a linear relation between u and uref with a weaker
relation on the downwind side of the street compared with the upwind. vref
shows a linear relation with the v and w components within the street, again this
is stronger on the upwind side of the street and weaker on the downwind side of
the street. Comparisons with r values show that overall the connection between
in street wind and reference wind is strongest on the non tree-lined street except
for the vertical velocity component, w, which is stronger on tree-lined street.
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5.4.3 Turbulence Statistics
Comparisons of turbulence intensities between the two streets given in Figures
5.54 and 5.55 show a clear decrease in turbulence within the tree-lined street
compared with the non tree-lined. Typical reductions in turbulence intensities
range between 34% - 62% (see Table 5.3). The addition of tree canopies to the
street canyon results in large scale turbulence being broken down into small scale
turbulence which is quick to dissipate. This short circuiting of the turbulence
cascade results in overall lower turbulence levels in the street containing tree
planting. We have also seen in previous chapters how turbulence is advected
down into the street from the shear layer above roof top level this process is
likely to be disrupted by the presence of the tree canopies.
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Figure 5.47: Vector plot for 6th September for non tree-lined street (left) and
tree-lined street (right)
Figure 5.48: Vector plot for 5th April for non tree-lined street (left) and tree-lined
street (right)
Figure 5.49: Mean normalised v velocity profile for tree-lined street (green) and
non tree-lined street (red) with with box and whisker plots showing first and third
quartiles and maximum and minimum data points. Left figure shows profiles for
upwind side of the street, right figure shows profiles for downwind side.
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Figure 5.50: Mean normalised w velocity profile for tree-lined street (green) and
non tree-lined street (red) with with box and whisker plots showing first and third
quartiles and maximum and minimum data points. Left figure shows profiles for
upwind side of the street, right figure shows profiles for downwind side.
Figure 5.51: Reference u velocity against in street u velocity for tree-lined street
(green). Dashed red line shows line of best fit for data taken from non tree-lined
street. Left figure shows data for upwind side of the street, right figure shows
profiles for downwind side.
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Figure 5.52: Reference v velocity against in street v velocity for tree-lined street.
Dashed red line shows line of best fit for data taken from non tree-lined street.
Left figure shows data for upwind side of the street, right figure shows profiles for
downwind side.
Figure 5.53: Reference v velocity against in street w velocity for tree-lined street.
Dashed red line shows line of best fit for data taken from non tree-lined street.
Left figure shows data for upwind side of the street, right figure shows profiles for
downwind side.
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Figure 5.54: Mean normalised v component turbulence intensity profile for tree-
lined street (green) and non tree-lined street (red) with box and whisker plots
showing first and third quartiles and maximum and minimum data points. Left
figure shows profiles for upwind side of the street, right figure shows profiles for
downwind side.
Figure 5.55: Mean normalised w component turbulence intensity profile for tree-
lined street (green) and non tree-lined street (red) with box and whisker plots
showing first and third quartiles and maximum and minimum data points. Left
figure shows profiles for upwind side of the street, right figure shows profiles for
downwind side.
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Upwind U U 0.82 0.84
Downwind U U 0.65 0.83
Upwind V V -0.72 -0.75
Downwind V V -0.12 -0.58
Upwind V W 0.74 0.69
Downwind V W -0.55 -0.35
Table 5.2: Correlation co-efficients (r values) for reference velocity versus in-street
velocity
Location u/uref v/vref w/wref TIu/uref TIv/vref TIw/vref
Upwind 51 46 39 34 47 50
Downwind 78 34 4 58 62 59
Table 5.3: % reduction in normalised velocities and turbulence intensities
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5.5 Summary of Main Findings
This chapter has summarised the findings of a field measurement campaign car-
ried out in two neighbouring streets in South London. The main findings of these
results were as follows:
Results taken from the non tree-lined street showed evidence of helical type
flow structure under oblique wind directions. This flow structure comprises of
the superposition of an along street channeling of the wind and an across street
rotational vortex. The along street channeling of the wind is dependent on the
component of the background wind which is parallel to the street length and
the across street rotational vortex is driven by the wind component which is
perpendicular to the street length.
The results of the non tree-lined street showed many similarities to the re-
sults taken from the idealised street canyon studied in Chapter 4. Vertical cross
sections of the flow patterns within the street showed many similarities in terms
of magnitude and direction of velocity vectors. Similarities were also found when
plotting the vertical profiles of wind velocities and turbulence. These findings
would indicate that the idealised street canyon often studied in literature is a
viable method for studying the airflow within real streets with complex geometry
subject to variable conditions.
Comparison of results between tree-lined and non tree-lined street found that
the consistent flow patterns presented for the non tree-lined street were no longer
present indicating that the presence of the trees leads to a disruption of the
rotational vortex within the street.
Reduction in 10 min mean wind velocities were found for the tree-lined street
for both vertical profiles (measurements taken at various heights within the street)
and horizontal profiles (measurements taken at a height of 1.5m at various points
along the length of the street. These reductions were found for all diretional
velocity components and are believed to be due to presence of trees extracting
momentum from the flow. Reductions were also found in turbulence levels within
the tree-lined street for both the horizontal and vertical profiles. The percentage
reduction in turbulence intensity levels varies between 34% and 62%. This reduc-
tion is believed to be due to the presence of the trees disrupting the turbulence
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cascade by breaking down large scale turbulence into smaller scale turbulence




CFD Modelling of Airflow within
Tree-Lined and Non Tree-Lined
Street Canyons: A Comparison
with Field Measurements
In previous chapters of this thesis we have assessed the capabilities of CFD in
predicting the airflow within a simplfied idealised street canyon and analysed
the results of field measurements taken in both tree-lined and non tree-lined
street canyons. We will now take what we have learnt from these chapters to
construct simplfied CFD models of street canyons in which field measurements
were taken. The results from these CFD models will then be compared against
field measurements to assess the capabilities of simple CFD models in predicting
complex airflow within real life street canyons, in particular those containing tree
planting.
The chapter will start with a discussion of the results from a simplified CFD
model of the non tree-lined street canyon. This will involve the investigation into
how different simplified street geometries compare with our field measurements
as well as investigating different techniques for including the effects of street
furniture. The limitation of the CFD model will be discussed as any limitations
at this stage will be carried through to the tree-lined street model.
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Taking what we have learnt from the first section we will then construct a
simplified CFD model of the tree-lined street canyon. The results of which will be
compared against field measurements to assess the capabilities of CFD modelling
in accurately predicting airflow within tree lined streets.
Finally we will compare the two sets of CFD simulations to further our un-
derstanding on the impact of trees on airflow within streets.
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6.1 Choice of Field Measurement Data for Com-
parison with CFD Results
In Chapter 5 we saw the impact that the stability of the wind direction could
have on flow within the street canyon. The CFD simulation was run with a
single wind direction therefore field measurements taken on days with high wind
direction variability were left out from the comparison. These are the days labeled
group 2 in Table 5.1.
As seen in Chapter 5 the flow within the street canyon can be thought of
as the superposition of a recirculating vortex controlled by the reference v wind
component and an along street wind component controlled by the reference u
wind component. Since we are comparing the field data with results from a CFD
model subject to perpendicular wind conditions we will only be comparing the v
and w components of the field data.
To allow for comparison between the field measurement data and CFD results
all CFD data will be normalised by vref , which is the background wind velocity
perpendicular to the street length taken at a height of 19m. For a definition of
u, v, w, uref and vref see Figure 6.1.
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6.2 Full Scale CFD Model of a Non Tree-Lined
Street Canyon
Chapter 4 discussed the ability of CFD to capture the flow within a regular street
canyon under the controlled conditions of a wind tunnel experiment. In this sec-
tion we will extend this discussion to look at the ability of CFD and the k-ε
model to predict the flow within a complex street canyon under variable con-
ditions and make the comparison with the field measurement data described in
Chapter 5. The section will start with an investigation into the simplification of
building geometry. Two simplified roof geometries will be tested to determine
which provides the closest match with experimental data. Secondly we will in-
vestigate the impact street furniture has on flow wihin the street and assess two
simple methods for inclusion of street furniture within the CFD model.
The settings used for the CFD models were informed by the findings of the
benchmark study in Chapter 4. Full details relating to the geometry and settings
of all CFD models can be found in Appendix .2.3.
6.2.1 Roof Shape
A topic which has received some attention in recent years is the impact roof shape
has on airflow within a street canyon. It has been shown that the roof geome-
try can have a dominant effect on the airflow patterns, velocity and turbulence
levels within the street canyon, with Kastner-Klein et al. [2004] stating the roof
geometry has just as much impact on the flow patterns as does the aspect ratio
of the street.
The roof geometry within the field measurement streets is homogeneous, the
roofs are the same height along the length of the street. Each house has the same
roof type. However the geometry of the roof is more complex than the simple
shapes often seen in literature. It consists of a pitched roof with the addition of
dorma windows. These dorma windows also have sloping roofs.
Rather than explicitly modelling the geometry of the roof two simple shapes
were tested to see if they could provide a reasonable prediction of the flow patterns
within the street. These were a pitched roof and flat roof (see Figure 6.2) for
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details.
Choosing these simple roof shapes allows for easier comparison with previous
research as well as reducing the amount of computational power required due to
a smaller mesh size. The pitched roof offers a good approximation to the true
roof geometry, however where the dorma windows are located the flat vertical
facade of the building extends to the full height of the building. Therefore wind
within the street canyon at roof level will be subject to both the sloped section
of the roof and the vertical wall of the dorma window which will have an impact
on the flow.
6.2.1.1 Airflow Patterns
Figure 6.3 shows the vector plots of the v and w velocities taken from the two
CFD models overlayed by field measurement data. In the case of the flat roof a
rotational vortex forms within the canyon. This vortex is contained within the
street and spans the entire height of the canyon. In the case of the pitched roofs
a rotational vortex also forms, however this does not span the entire height of the
buildings and therefore the centre of the vortex is slightly lower than in the flat
roof case. We also see separation occurring on the upwind roof and an additional
vortex forming here.
Comparison of the flat roof model and the field measurements show that the
flow direction and velocity magnitudes are generally well predicted by the CFD
model. The point at which the v velocity switches direction would appear to
be at a greater height for the field measurements implying the centre of the
vortex is higher within the field measurement street than the CFD model. The
flow patterns is less well predicted by the pitched roof model as the centre of
the vortex is shifted downwards within the street canyon, thus providing a poor
match with field data for the upper most heights.
6.2.1.2 Velocity Profiles
Velocity profiles with height within the street are shown in Figures 6.4 and 6.5
for both CFD models along with the field measurement results.
V velocity profiles taken on the downwind side of the street show an excellent
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match between the flat roof CFD model and the field measurements with mean
velocities well predicted by the CFD model as well as the location at which the v
velocity equals zero. The pitched roof model performs less well when compared
against the field measurements with a general under-prediction of velocities.
On the upwind side of the street the v velocities are generally under-predicted
by both CFD models with the exception of the flat roof model at the lowest
height at which point velocities are over-predicted. The flat roof model gener-
ally provides a better prediction against field measurements compared with the
pitched roof model with the velocity profile staying within the range of field data
collected for most heights.
W velocity profiles are provided in Figure 6.5. The shape of the profiles is
well captured by the CFD results although there is less of a peak in velocities
at values of z/H between 0.4 and 0.6. Both sets of data under-predict velocities
compared with the field measurements. The flat roof model again offers a better
prediction of w velocities compared with the pitched roof model with the profiles
generally lying within the range of field data at most heights.
6.2.1.3 Turbulence Statistics
The effect of the different roof geometries on turbulence intensities within the
street can be seen in Figures 6.6 and 6.7. Both sets of results lie below the mean
turbulence intensities found in the field measurements however both results lie
with the range of field data collected (i.e. within the error bars). The pitched
roof is found to offer slightly higher turbulence intensities and therefore offers
better agreement against field data.
The issue of simplifying building architecture particularly roof geometry is a
complex problem and clearly one that requires further investigation. From these
brief tests its clear that the roof shape impacts flow patterns and turbulence
values within the street. Ideally a CFD test would be carried out that explicitly
modelled the roof geometry this would allow us to see if it is possible to simplify
the roof geometry to the shapes shown here without compromising the results.
However given the scope of this study is to assess the effect of trees on the flow
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within the street and the flat roof geometry gave a reasonable agreement with
the flow patterns and velocities obtained from the field measurements, this roof
shape was chosen for use throughout the rest of the study.
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Figure 6.1: Geometry and axis reference of CFD model
Figure 6.2: Flat roof geometry (left), pitched roof geometry (centre) and actual
roof geometry (right)
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Figure 6.3: Vector plots showing the flow patterns for CFD simulation with flat
roof (top) and CFD simulation with pitched roof (bottom). Field Measurement
data shown in blue.
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Figure 6.4: V Velocity profile taken from flat roof model (green) and pitched roof
model (light blue) and field measurements (dark blue). Profile taken on upwind
side of the street (left) and downwind side of the street (right)
Figure 6.5: W Velocity profile taken from flat roof model (green) and pitched roof
model (light blue) and field measurements (dark blue). Profile taken on upwind
side of the street (left) and downwind side of the street (right)
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Figure 6.6: V Turbuence Intensity profile taken from flat roof model (green) and
pitched roof model (light blue) and field measurements (dark blue). Profile taken
on upwind side of the street (left) and downwind side of the street (right)
Figure 6.7: W Turbuence Intensity profile taken from flat roof model (green) and
pitched roof model (light blue) and field measurements (dark blue). Profile taken
on upwind side of the street (left) and downwind side of the street (right)
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6.2.2 Street Furniture
Results of field measurements showed evidence of a decrease in wind velocities at
lower heights for the upwind side of the street as well as a greater spread in data
at these heights i.e. a greater variability in the day to day measurements. Parked
cars, hedges, boundary walls and other street furniture will have a localised effect
on the wind flow and may be responsible for such phenomena. In order to gain
a greater understanding in to the effect of street furniture and how this may
be incorporated into CFD models the results of three simulations are discussed.
These are:
• An empty street canyon
• A sand grain roughness applied to the floor of the street
• Street furniture included as rectangular blocks along the length of the street
The geometry of the street furniture model is shown in Figure 6.8.
6.2.2.1 Airflow Patterns
Vector plots of results from the three CFD models are given in Figure 6.9. The
field measurement data is overlaid the CFD data in order to see how the two
compare.
The flow patterns produced for the empty street canyon and the street canyon
with sand grain roughness show little to no difference. A single rotational vortex
is produced within the streets, this is in line with our findings from Chapter 4
and the simple wind tunnel street canyon. The centre of the vortex is shifted
above and downwind of the centre of the street canyon. Comparison with the
field measurements shows a very good correlation in terms of flow direction and
velocity magnitude at most heights. The point at which the v velocity changes
direction for the field measurements is slightly higher than for the CFD results
suggesting the centre of the vortex within the field measurements street is higher
than within the CFD model. The reduction in velocity magnitude at the lowest
height on the upwind side of the street is also not well captured by the CFD
models.
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The flow pattern produced by the street canyon with the addition of street
furniture also shows the formation of a large rotational vortex. This forms be-
tween the roof top and the top of the street furniture. Smaller rotational vortices
are formed in the wake of the street furniture. The presence of the obstacles
within the street results in the centre of the vortex being shifted further towards
the downwind side of the street.
Comparison with field measurement data shows reasonable correlation on the
upwind side of the street with flow direction generally being well predicted al-
though the velocity magnitudes are generally lower for the CFD results. On the
downwind side of the street flow direction is not well predicted due to the fact
that the centre of the vortex within the CFD results has been shifted downwind
thus providing a poor match with field data.
6.2.2.2 Velocity Profiles
Figure 6.10 shows the v velocity profiles against height for the three CFD models
and the the field measurement results. On the upwind side of the street the
empty street CFD model generally under-predicts the mean v velocities apart
from below a height of 2m at which point the CFD model begins to over-predict
the velocities. The shape of the velocity profile is not well predicted by the
empty street CFD model. The field measurement show a decrease in velocity
below a height of 3m this is not reflected in the CFD results which are linear
with height. The results for the CFD model with sand grain roughness show an
under-prediction of v velocities on the upwind side of the street at all heights
except at the lowest height of 1.5m at which point the velocity is well predicted.
The results of the CFD model with the addition of street furniture show a good
match with the field measurement data in terms of profile shape on the upwind
side of the street. The wake produced by the street furniture objects results in a
reduction in velocities below a height of 2m. The magnitude of the v velocities
produced by this CFD model are however under predicted when compared with
the field measurements.
On the downwind side of the street the presence of street furniture has less of
an effect. The field measurement v velocity profile is almost linear with height.
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On this side of the street the empty street CFD model provides an excellent
prediction of the field measurement data, with a good match of the data at
almost all heights. The results of the CFD models with sand grain roughness
and with street furniture show an under-prediction of the velocities but are still
generally within the range of field measurement data.
Figure 6.11 shows the w velocity profiles with height for the three CFD models
and the field measurement data. On the downwind side of the street the profile
given by the empty street CFD model and the CFD model with the addition of
roughness are very similar. Both models under predict the mean velocities of the
field measurements although they still lie within the range of field measurement
data collected. The shape of the profile is well predicted although the peak in the
w velocities at a height of 4.5m in the field measurement results is not present
in the CFD results. The results of the CFD model with street furniture shows a
significant under prediction in the w velocities on the downwind side of the street
and even predicts positive w velocities at the lowest height which is not reflected
in the field measurements.
On the upwind side of the street the results from the empty street canyon
show excellent correlation with the field measurement data at the lowest and
upper most heights. The peak in w velocities at heights of 4.5m and 6m. is not
well predicted by the CFD model however the profile still lies within the range of
field measurement data collected. The profile produced by the CFD model with
added roughness is slightly lower than the empty street model but the profile still
lies within the range of field measurement data collected. The profile produced
by the CFD model with street furniture again significantly under predicts the w
velocities.
In addition to taking field measurements at different heights within the street,
measurements were also taken at several locations along the length of the street
at pedestrian head height (1.5m). The average of the 10 locations for normalised
v, w and the resultant of v and w ((v2 + w2)1/2) is given in Tables 6.1 and 6.2
along with the results of the three CFD models. These results agree with the
results discussed for the vertical profile with the empty street over predicting the
velocities, the addition of street furniture providing an under-prediction and the
addition of roughness providing an excellent match with experimental data. For
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this height the addition of sand grain roughness would offer the best solution in
terms of predicting the velocity magnitudes within the street however at greater
heights within the street the empty canyon CFD model performs best.
6.2.2.3 Turbulence Statistics
Figures 6.12 and 6.13 show the v and w turbulence intensities for all three CFD
models and field measurements. All results show a higher level of turbulence on
the downwind side of the street. This is in-line with the findings in Chapter 4
which turbulence generated in the shear layer is advected down into the street
canyon at the downwind side of the street.
The differences between the results of the three models is small with the street
furniture model showing a slight increase in turbulence with height within the
street where as the other two models show little variation with height. All three
models tend to under-predict the level of turbulence within the street although
still lie within the range of data collected. This under-prediction is to be expected
as we saw in the previous chapter the k-ε model has difficulties correctly predict-
ing the level of turbulence within street canyons due to the under-prediction of
turbulence above the roof of the upwind building. Overall the street furniture
model provides the best match with the field measurement data, however the
difference between the three models is small.
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Figure 6.8: Geometry of street furniture model
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Figure 6.9: Vector plots showing CFD flow patterns at vertical cross section for
no street furniture (top), floor roughness (middle) and street furniture (bottom).
Field measurements shown in blue
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Figure 6.10: V velocity profile taken on the upwind (left) and downwind (right)
side of the street. No street furniture model shown in black, floor roughness model
shown in green and street furniture model shown in red. Field measurements
shown in blue
.
Figure 6.11: W velocity profile taken on the upwind (left) and downwind (right)
side of the street. No street furniture model shown in black, floor roughness model
shown in green and street furniture model shown in red. Field measurements
shown in blue
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Figure 6.12: V turbulence intensity profile taken on the upwind (left) and down-
wind (right) side of the street. No street furniture model shown in black, floor
roughness model shown in green and street furniture model shown in red. Field
measurements shown in blue
Figure 6.13: W turbulence intensity profile taken on the upwind (left) and down-
wind (right) side of the street. No street furniture model shown in black, floor
roughness model shown in green and street furniture model shown in red. Field
measurements shown in blue
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CFD empty street -0.28 -0.05 0.28
CFD with roughness -0.17 0.05 0.18
CFD with street furniture -0.07 0.01 0.07
Field Measurements -0.17 0.04 0.18





CFD empty street -0.30 -0.05 0. 30
CFD with roughness –0.27 -0.03 0.27
CFD with street furniture -0.15 0.01 0.15
Field Measurements -0.27 -0.05 0.28
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6.3 Full Scale CFD Model of Airflow within a
Tree-Lined Street
This section of the thesis presents the results obtained from CFD simulations
which aim to recreate the wind conditions found in Streathbourne Road, the
tree-lined street in which field measurements were taken. The CFD model is full
scale therefore the dimensions of the building height, street width, tree crown size
and spacing is taken directly from Streathbourne Road. Based on the findings of
the previous section the buildings are modelled as simplified rectangular blocks
with flat roofs and no street furniture is included in the model. The geometry of
the tree canopies is included as ellipsoids with dimensions and tree spacing taken
from the field measurements. The tree trunks are not included in the model. Two
methods for incorporating the effects of the tree canopies within the CFD model
were tested. These were:
• Tree crowns included as solid objects
• Tree crowns included as porous domains with momentum and turbulence
sinks
The porous tree canopy model is based on the work of Raupach and Shaw
[1982] which is discussed in detail in Chapter 3. This model accounts for the
aerodynamic effects of the tree canopies through the addition of sink and source
terms to the CFD model. The extraction of momentum by the tree canopy is ac-
counted for by the addition of a momentum sink term, the addition of turbulence
via vortex shedding is incorporated as a turbulence source term and the reduction
of turbulence due to the short circuiting of the turbulence cascade is accounted
for by a turbulence sink term. These source and sink terms are dependent on
the leaf area density and drag coefficient of the trees. For full details relating to
both the porous and solid tree models as well as details of the CFD geometry
and setting please refer to Appendix .2.3.
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6.3.1 Airflow Patterns
The normalised velocity vectors for the CFD models with both solid tree crown
and porous tree crown are given in Figure 6.15 along with field measurement
data. The location at which these vector plots were taken is given in Figure 6.14.
Results presented for the CFD model with solid tree canopy show that the
presence of the tree canopy is clearly causing significant disruption to the flow
patterns within the street as the rotational vortex centered at the middle of
the street canyon is no longer present instead a vortex is formed at the bottom
downwind corner of the street beneath the tree canopy. Comparison with field
measurement data shows velocities are reasonably well predicted on the upwind
side of the street with the general flow direction and magnitude of vectors being
similar. However on the downwind side of the street the vectors produced by the
CFD model show no resemblance to those given by the field measurement data.
This is due to the distortion of flow patterns produced by the solid tree crown.
Although both results show a negative v velocity the CFD results clearly show a
positive w velocity which is not reflected in the field measurements.
Results presented for the CFD model with porous tree crown show the familiar
pattern of single rotational vortex which has been seen in both previous research
and the results presented in earlier chapters. The centre of the vortex is shifted
towards the downwind side of the street and slightly above z/H = 0.5 due to the
presence of the tree canopies. The magnitude of the normalised velocity vectors
within the street ranges from 0 to 0.3. Comparison with field measurement results
on the whole show good qualitative comparison with the exception of heights 4
and 5 on the downwind side of the street for which the direction of flow varies
from that given in the field measurements.
Figures 6.17 and 6.18 show the normalised velocity vectors for both CFD
models at various locations along the street length, the position of which are given
in 6.16. This allows for the assessment of how the flow patterns vary throughout
the length of the street due to varying tree spacing. Field measurements data
taken at a height of 1.5m are also given in the form of vector plots.
Results presented for the solid tree canopy show the formation of rotational
vortex below the tree canopies, the shape and positioning of which varies de-
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pending on the location within the street. Field measurements show that the v
velocity component is consistently in the opposite direction to the reference wind
direction and vertical velocity, w, is positive on the upwind side of the street and
negative on the downwind side. The flow direction is captured by the CFD results
on the upwind side of the street however on the downwind side of the street the
flow is not well re-produced due to the shifting position of the rotational vortex
within the street leading to some positive w velocities on the downwind side of
the street.
Results presented for the porous CFD model show similar flow patterns through-
out the length of the street. There is some variability in the position of the centre
of the rotational vortex although this is consistently found on the downwind side
of the street. The flow direction produced by the CFD model matches the field
data well with the v velocity consistently in the opposite direction to the di-
rection of flow above the roof top level and positive vertical velocities on the
upwind side of the street and negative on the downwind side of the street. Over-
all the magnitudes of the velocity vectors are similar to those found for the field
measurements.
6.3.2 Velocity Profiles
Figure 6.19 shows the normalised v velocity profile against normalised height
within the street for results of both CFD models and field measurement. The
error bars show the spread in the measurements taken. There is little variation in
the v velocities between the solid and porous tree crown models on the downwind
side of the street. However on the upwind side of the street there is a clear
difference between the two models with the porous tree crown predicting negative
v velocities and the solid tree crown predicting positive v velocities.
Comparison with field measurement data shows that both models provide an
excellent prediction against field data on the downwind side of the street. On
the upwind side of the street the porous model shows an excellent prediction of
velocities at the upper 3 heights however at lower heights the results of the CFD
model are higher than the mean values of the field data. A likely explanation
for this is the fact that street furniture was not included in the CFD models in
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particular the tree trunks were not included in the CFD model. The presence of
the tree trunks may extract momentum from the flow resulting in lower velocities
particularly on the upwind side of the street. Further investigation is needed to
determine the effects of the trees trunks on the flow and whether they should be
included in CFD models. The results of the solid tree crown do not provide a
good prediction against field data on the upwind side of the street.
Figure 6.20 shows the normalised w velocities against normalised height within
the street for both CFD and field measurements. The two sets of CFD results
show distinctly different velocity profiles. Results from the porous tree crown
show positive velocities on the upwind side of the street with velocities staying
close to zero. The results of the solid tree crown show velocities varying between
positive and negative. On the downwind side of the street the porous model gives
largely negative values whereas vertical velocities of the solid crown model are
generally positive.
Comparisons of the two sets of results with the field measurement data shows
the porous model gives a reasonable prediction although velocities are slightly
under predicted on the upwind side of the street. Results from the solid crown
model bear little similarity to the field measurement data.
Figure 6.22 shows contour plots of v velocities taken at a height of 1.5m for
both solid and porous tree crown models. Field measurements are also displayed
for comparison within the black boxes, this was taken at the locations shown in
Figure 6.21. It can be seen that the v velocities generally remain negative (i.e.
in the opposite direction to the background wind) for the porous tree model this
is in line with the field measurement data which generally shows a good match
with CFD predictions. Results for the solid tree model show large areas in which
positive v velocities are experienced (see red areas) this is not reflected by the
field measurement data which always remains negative.
Figure 6.23 shows contour plots w velocities taken at a height of 1.5 m for both
solid and porous tree crowns. Results for the porous tree crown generally show
positive velocities on the upwind side of the street and negative on the downwind
side of the street with the exception of a few isolated locations. Results of the solid
tree crown show a variation of positive and negative vertical velocities on both
sides of the street. Comparison with field measurements show the porous model
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generally provides a good prediction of the field measurements particularly on the
downwind side of the street. The solid model does not provide a good prediction
against field measurement data due to the high variability between positive and
negative velocities.
6.3.3 Turbulence Statistics
Figures 6.24 and 6.25 show the turbulence intensities profiles against height for
both the CFD models and field data. All results show higher turbulence levels on
the downwind compared with the upwind side of the street. Results taken from
the CFD model with solid tree crown show little variation in turbulence with
height.
The results of the porous tree crown show little variation with height on the
upwind side of the street but show an increase of turbulence with height on the
downwind side of the street. As we have seen in Chapter 5 and in previous
research on the subject TKE is advected down into the street canyon from the
shear layer above. This occurs at the downwind side of the street canyon hence
the higher values in this region.
Comparison with field measurement shows an under-prediction when com-
pared with the mean turbulence intensities taken from the field data. This is in
line with the findings of Chapter 4 in which we saw that the k-ε model under-
predicts the turbulence levels within homogeneous street canyon and also the
findings of the first section of this chapter in which turbulence levels were under-
predicted for our non tree-lined model. The level of under-prediction is greater
for the solid model compared with the porous model. The porous model lies just
below the range of data obtained from the field measurements. The field measure-
ments show that the v component of turbulence intensity is fairly uniform with
height whereas the w component increases with height. This is not reflected by
either set of results as the k-ε model is isotropic meaning any variation between
the directional components of turbulence will not be captured by this turbulence
model.
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Figure 6.14: Location of CFD vector plots (red line) and field measurement
location of field measurement (blue circles)
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Figure 6.15: Normalised vector plots for CFD results with solid tree crown (top)
and porous tree crown (bottom). Field measurements shown in black
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Figure 6.17: Normalised vector plots for CFD results with solid tree crown at various locations along the length of




Figure 6.18: Normalised vector plots for CFD results with porous tree crown at various locations along the length
of the street. Field Measurements shown in black.
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Figure 6.19: Vertical profile. Normalised v velocities for the upwind (left) and
downwind (right) side of the street. Solid tree crown (light blue), porous tree
crown (green) and field measurements (dark blue)
Figure 6.20: Vertical profile. Normalised w velocities for the upwind (left) and
downwind (right) side of the street. Solid tree crown (light blue), porous tree
crown (green) and field measurements (dark blue)
176
Figure 6.21: CFD and field measurement locations for horizontal profiles taken
at a height of 1.5m
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Figure 6.22: Contour plots showing normalised v velocity for porous (top) and
solid (bottom) tree crown models. Field measurement data is outlined by black
boxes
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Figure 6.23: Contour plots showind normalised w velocity for porous (top) and
solid (bottom) tree crown models. Field measurement data is outlined by black
boxes
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Figure 6.24: Normalised v turbulence intensities for the upwind (left) and down-
wind (right) side of the street. Solid tree crown (light blue), porous tree crown
(green) and field measurements (dark blue)
Figure 6.25: Normalised w turbulence intensities for the upwind (left) and down-
wind (right) side of the street. Solid tree crown (light blue), porous tree crown
(green) and field measurements (dark blue)
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6.4 Comparison between Tree-Lined and Non
Tree-Lined Street
This section provides a comparison between the results of the non tree-lined street
and tree-lined street. The CFD model containing trees represented as porous
domains is used in this discussion as this was shown to provide the most accurate
prediction of the wind field within the field measurement street.
6.4.1 Airflow Patterns
Vector plots taken from the CFD model of the non tree-lined street canyon showed
a recirculating vortex forming within the street with the centre of this vortex
slightly above the centre of the street canyon (see Figure 6.9). Results taken
from the tree-lined street also demonstrated the presence of a vortex, however
the size and location of this vortex varied throughout the length of the street (see
Figure 6.18).
In order to investigate the three dimensional nature of the flow in greater
detail streamlines were produced of the flow within each street canyon as shown
in Figure 6.26. Based on this we can see the flow within the non tree-lined street
is homogeneous along the length of the street and remains two-dimensional in
nature, with a rotational vortex present along the length of the street. In contrast
the rotational vortex in the tree-lined street is disrupted by the presence of the
tree canopies resulting in a highly inhomogeneous, three dimensional flow. Such
a complex flow would be difficult to interpret through point measurements alone.
This highlights the importance of the use of CFD and physical measurements
being used in tandem to gain a more complete picture of the complex flow which
occurs within the built environment.
Although the CFD model represents a simplified version of the real-life street
canyons in which field measurements were taken, the data obtained from the field
measurements is in support of the CFD findings. The vector plots produced for
the non tree-lined street show a consistent pattern across all days with a stable
background wind direction unlike the data obtained for the tree-lined street which
show a greater day to day variability in the flow patterns, this can be seen in
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Appendix 8.0.3.
6.4.2 Wind Speed and Velocities
Comparisons of wind speed between the two streets showed a reduction in wind
speeds within the tree-lined street. This was due to the trees being included as
momentum sinks. This can be seen in Figure 6.27 which shows the normalised
wind speeds at horizontal cross sections of heights of 1.5m and 6.8m. These
heights were chosen to represent pedestrian level and canopy level height respec-
tively.
At a height of 1.5m there is a clear reduction in wind speed within the tree-
lined street with evidence of stagnation zones forming in which the velocity is zero
or close to zero. The variation in flow pattern is evident as the non tree-lined
street shows a typically uniform wind speed along the length of the street where
as the tree-lined street shows variability in wind speeds along the length of the
street, this will be effected by the positioning of the trees within the street.
In order to quantify this reduction in wind speed the measurement planes
were split in half along the centre line of the street. The area average of the
wind speed was calculated for each side of the street these values are compared
and the reduction in wind speeds between the two streets is calculated. These
values are reported in Table 6.3. A 43% reduction in the average wind speed
is found on the upwind side of the street and 36% on the downwind side of the
street at a height of 1.5 m. We can compare these values against the reduction in
wind velocities taken from the field measurements. Field measurements showed
a reduction of 46% on the upwind side of the street and 34% on the downwind
side of the street in v velocities. The across street v velocity has been chosen as
this will be the wind component that accounts for the majority of the wind speed
under perpendicular flow and at a height of 1.5 m.
Wind speeds at a height of 6.8m are found to give similar findings to those
at a height of 1.5m with a far more irregular flow pattern given in the tree-lined
street. The total reduction in the average wind speed at this height was found to
be 51% reduction on the downwind side of the street and a 44% on the upwind
side. This increase reduction compared with a height of 1.5m is to be expected
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as the tree canopies will have a greater influence on the flow field at this height.
It is important to not only consider wind speed but also vertical velocity as
this parameter will effect the ventilation and pollution dispersion process within
the street. Particularly for long streets under perpendicular wind conditions for
which the main air exchange process within the street will be transfer of air at
roof top level.
Contour plots were produced of the normalised vertical velocity at roof level,
these are provided in Figure 6.28. The contour plot produced for the non tree-
lined street shows vertical velocities to be typically negative on the downwind
side of the street for which air is being brought into the street and positive on
the upwind side of the street for which air is being removed from the street. In
the case of the tree-lined street no such pattern exists and the location of positive
and negative vertical velocities is highly variable. Calculation of the average
magnitude of vertical velocities at roof level found a 51% decrease for the tree-
lined street. This would equate to approximate 51% reduction in mass flow rate
of air into and out of the street.
6.4.3 Turbulence Statistics
In Chapter 4 we saw how TKE is created in the shear layer above the roof tops
and transported down into the street canyon level due to strong vertical velocities
at roof top level. This process can be seen in Figure 6.29 which shows contour
plot of TKE at vertical cross section taken from the non tree-lined street. TKE
levels are found to be highest above roof top level and at greater heights on the
upwind side of the street. Comparing this with the contour plot taken on the tree
lined street we can see that the presence of the tree canopy disrupts this process
and leads to a reduction in TKE levels within the street. In the case of the CFD
model this is due to the presence of a turbulence sink, in reality this would be
due to presence of trees causing large scale turbulence to be broken down into
smaller scale eddies which quickly dissipate.
Figure 6.29 also shows contour plots of TKE taken in the area between tree
canopies we can see that in this location the transport of TKE is less disrupted
by the presence of the tree canopies however the TKE levels are still lower than
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those found in the non-tree lined street.
Figure 6.30 shows the variation in TKE throughout the length of the street.
We can clearly see the higher turbulence levels on the downwind side of the non
tree lined street. Similarly on the tree lined street, higher turbulence levels are
found on the downwind side of the street however this is interspersed with areas
of low turbulence due to the presence of the turbulence sinks thus resulting in an
overall reduced turbulence levels.
Table 6.4 gives the percentage reduction in turbulence intensity values between
the two streets. Overall the turbulence levels are found to decrease by 66% on the
downwind side of the street at both a height of 1.5m and 6.8m. On the upwind
side of the street turbulence levels decrease by 76% at a height of 1.5m and 78% at
a height of 6.8m. This is slightly larger than the percentage reduction calculated
from the field measurements which found 34% - 50% reduction on the upwind
side of the street and 58% - 62% reduction on the downwind side of the street.
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Figure 6.26: Streamlines illustrating flow patterns within empty street (left) and
tree-lined street (right)
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Figure 6.27: Contour plots showing horizontal cross-section of normalised wind
speed for empty street (left) and tree-lined street (right) at heights of 1.5m (top)
and 6.8m (bottom)
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Figure 6.28: Contour plots showing horizontal cross-section of normalised vertical
velocity for empty street (left) and tree-lined street (right) at roof height
Figure 6.29: Contour plots showing normalised TKE for empty street (left) and
tree-lined street (right) taken at two vertical cross sections within the street
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Figure 6.30: Contour plots showing horizontal cross-section of normalised TKE
for empty street (left) and tree-lined street (right) at heights of 1.5m (top) and
6.8m (bottom)
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Table 6.3: Percentage reduction in wind speeds at pedestrian height (1.5m) and
canopy height (6.8m) between tree-lined and non tree-lined street







Table 6.4: Percentage reduction in turbulence intensities at pedestrian height
(1.5m) and canopy height (6.8m) between tree-lined and non tree-lined street
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6.5 Summary of Main Findings
6.5.1 Non Tree-Lined Street
In this section of the chapter we have assessed the ability of CFD to model the flow
within a full scale street canyon through the comparison with field measurement
data. We have explored the effect of both roof shape and street furniture on the
flow within the street.
Two roof shapes were tested, a flat roof and pitched roof. It was found that
the pitched roof shifted the centre of the vortex lower within the street canyon,
thus providing a poor match with experimental data. The flat roof was therefore
chosen to be used throughout the testing.
Two ways of including street furniture were tested: The addition of sand grain
roughness to the floor of the domain and the addition of four rectangular blocks
along the length of the street to represent the hedges, boundary walls and parked
cars within the street. Both methods showed some promising results:
• The addition of roughness to the floor of the street gave excellent correlation
with the field data taken at pedestrian level (1.5m) however above this
height the velocities tended to be slightly under-predicted although still lay
within the range of field data collected
• The addition of street furniture to the CFD model provided a good match
with experimental data in terms of the shape of the velocity profile produced
on the upwind side of the street however all velocities were under-predicted
in particular the w velocities were significantly under-predicted when com-
pared with the other two models. The flow pattern produced by this model
did not provide a good match with experimental data
Although the addition of street furniture to the CFD model can provide im-
proved prediction at certain locations it can also have a negative effect on the
results in other areas. Therefore the addition of street furniture should be done
with care and it is recommended that more work be carried out in this area.
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6.5.2 Tree-Lined Street
The geometry of each individual tree canopy was included within the CFD model
as an ellipsoid with dimensions taken directly from the field measurements. Through
the analysis of the results from the CFD models for a tree lined street and com-
parison with experimental data the following conclusions have been found:
• A solid tree canopy model was shown to provide a poor prediction of flow
patterns within a tree lined street when compared with field measurements.
• The porous tree canopy offers promising results when compared with field
measurements. Flow patterns, velocity and turbulence profiles were gener-
ally well predicted by the porous model.
In conclusion it has been shown that the porous tree crown model with mo-
mentum and turbulence sink based on the leaf area density and drag coefficient
can offer a good match with field measurement data and therefore offers a viable
way of including trees and vegetation within CFD models of the built environ-
ment. However in order for this to be implemented in practical applications it will
be necessary to generate guidelines on typical leaf area densities (including the
effect of branches) and drag coefficients for various tree species. Drag coefficients
will need to be provided as both a function of local wind speed and tree spacing
/ planting densities.
6.5.3 Comparison of Tree-Lined and Non Tree-Lined Street
Analysis of streamlines within the non tree-lined street showed a two dimensional
flow pattern, with no variation in flow patterns along the length of the street.
The tree-lined street however showed a highly complex three dimensional flow
pattern with the centre of the rotational vortex shifting location along the length
of the street.
The inclusion of trees to the street canyon were shown to significantly reduce
wind speeds. This was quantified as a 42% reduction on the upwind side of the
street and 36% at a height of 1.5m and a 44% on the upwind side and 51% at a
height of 6.8m. There was also shown to be a 51% reduction in vertical velocities
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at roof height this would dramatically reduce the amount of air exchange at roof
height.
The presence of the trees also lead to a reduction in turbulence values. The
percentage decrease was found to be 66% on the downwind side of the street at
heights of both 1.5m and 6.8m and a reduction of 75% on the upwind side at a




Throughout this thesis we have examined the capabilities of CFD modelling to
provide accurate predictions of airflow within tree-lined streets. This involved the
testing of several types of street canyon model within CFD; from the idealised
street canyon used for wind tunnel modelling to the more complex full scale
street canyon containing trees in which field measurements were taken. The
information gained from carrying out this rigorous testing can provide guidelines
to fellow CFD modellers on the lessons learned and limitations for CFD modelling
of street canyon flow and flow around trees as well as developers of CFD software.
This will form the first section of this Discussion chapter.
In addition to gaining a greater understanding into the capabilities of CFD
modelling, this research has also provided insight into the effect of tree planting
on airflow within street canyons. Through the use of field measurements and
CFD modelling it was possible to assess the differences in the airflow patterns,
velocity and turbulence levels between tree-lined and non tree-lined streets. These
findings will be of interest to urban planners and designers who wish to use trees
as a mitigation tool against issues relating to high wind speeds and pollution
levels. The final section of this chapter will therefore aim to put the results of
the previous chapters in a context which is relevant to the issues of pollution
dispersion and pedestrian comfort.
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7.1 Best Practice Guidelines on CFD Modelling
of Street Canyons and Trees
The use of Computational Fluid Dynamics modelling in the built environment
is widespread for indoor applications; however the successful and systematic ap-
plication of CFD for the outdoor environment is still hindered by lack of under-
standing on turbulent characteristics and boundary conditions necessary for the
accurate modelling of a variety of urban atmospheric flow [Guillas et al., 2014].
Through summarising the lessons learned in this research we hope to guide CFD
users through important aspects of this type of modelling and any possible limi-
tations or areas for future development.
Benchmarking and Validation
The importance of performing benchmark testing and validation was high-
lighted in this research. Carrying out a benchmark test allowed for the under-
standing of the strengths and weaknesses of the CFD model of a simple street
canyon before moving on to modelling more complex cases. Once the weaknesses
have been identified the modeller can determine the extent to which these weak-
nesses will impact the outcome of the study, determine the most appropriate
choice of input parameters and numerical models, such as turbulence models,
and how the specification of the geometry and mesh impact the results of the
CFD model.
Performing a benchmark study at the early stages of this research allowed for
an understanding of the limitations of the Standard k-ε model in the prediction
of street canyon flows with the main limitation identified as being an under-
prediction of TKE within and above the street canyon. It important to identify
the extent of this limitation at an early stage as this would have an influence
on any results from further CFD models to be carried out later in the research
process.
A mesh sensitivity at this stage allowed for a more detailed understanding
of how the mesh construction can influence the results within the street canyon.
In particular it was found that the often quoted mesh size to be used within
a street canyon of H/10 with H being the height of the street canyon did not
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provide the resolution needed to offer good prediction of TKE values above and
within the street. In fact a mesh size of H/30 was needed to provide accurate
predictions of TKE values. This was an important finding not just for the later
models constructed as part of this research but in general for CFD research into
street canyon flow.
Atmospheric Boundary Layer Flow
In order to accurately model airflow within the built environment it is first
necessary to simulate the correct atmospheric boundary layer flow. Problems in
producing such flow in CFD have been identified in the past, as boundary layer
profiles have a tendency to change as they move downstream. This was high-
lighted in the benchmark study carried out for this research, in which turbulence
levels varied downstream of the inlet.
In order to try and reduce this decay as much as possible three different
ways of specifying the inlet boundary conditions were tested. From this it was
determined that the profiles suggested by Yang et al. [2009] offered the best
prediction of TKE downstream of the inlet when compared against experimental
data. The disadvantage of this method is that the profile used to specify TKE
levels contained two empirical constants which should be found through fitting
the profile to experimental data. This is a problem if no experimental data is
available, as was the case in modelling the full scale streets for this research, and
is often the case when modelling the atmospheric boundary layer. To overcome
this problem a prediction of the atmospheric boundary layer TKE profile was
obtained using the ESDU method [Engineering Sciences Data Unit, 1984]. Based
on the predicted velocity and turbulence profiles obtained using this method it
was possible to find the two empirical constants required for the implementation
of the profiles specified by Yang et al. [2009].
In addition to specifying the correct inlet boundary conditions it is also im-
portant to apply the correct roughness to the floor of the domain. This can be
done by applying the sand grain roughness to the floor boundary rather than
explicitly modelling roughness blocks. The suggested value to be used for the
sand grain roughness height is 30*Zo [Blocken et al., 2007]. However there is also
a fundamental restriction on the maximum height the sand grain roughness can
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take as it should not be greater than half the height of cell next to the wall. It
is therefore difficult to satisfy both criteria without using an extremely coarse
mesh which can lead to inaccuracies in the simulated boundary layer. Therefore
a compromise must be met between mesh size and sand grain roughness. By
carrying out a mesh sensitivity test it is possible to find the optimal compromise
between mesh size and sand grain roughness height. In addition since it is only
necessary to specify sand grain roughness at the outer terrain and not within
the area of interest it may be possible to use a coarser mesh within this region
and finer mesh within the area of interest thus allowing for a larger sand grain
roughness.
Altering the values of the k-ε model constants was found to offer a reduction
in the amount of decay occurring in the TKE profiles as we move downstream of
the inlet. In particular it was found that the default value of 0.09 for Cµ should
be lowered to a value of 0.025 this is in support on previous recommendations
on values of Cµ to be used when modelling the atmospheric boundary layer by
authors such as Beljaars et al. [1987] and Richards and Hoxey [1993] who have
also suggested that the default value of 0.09 is too high and should be lowered for
such simulations. This is an important finding for anyone interested in modelling
the atmospheric boundary layer using the k-ε model and CFD.
Parameter Selection and Calibration
CFD models of the built environment generally require the specification of
a large array of input parameters with little information on the value these pa-
rameters should take. Therefore it is important to assess and, if possible, reduce
the amount of parametric uncertainty within the CFD model. This was the aim
of the Bayesian Calibration process, outlined in Section 4.1.4, which investigated
the uncertainty in the empirical constants contained within the k-ε turbulence
model for use in modelling atmospheric boundary layer flows. Through this cal-
ibration process we were able to update the values of the k-ε model parameters
from the default values. As mentioned above these updated values were found to
reduce the amount of decay present in the boundary layer TKE profiles and thus
provide a more homogeneous boundary layer model. However it should be noted
that although the Calibration process provided improved prediction of boundary
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layer flow within an empty domain, when the updated constants were applied
to a domain containing a street canyon improved predictions were not achieved.
This would be considered a limitation of the current work as the results of the
calibration process seem to be only relevant to the case study which has been
calibrated and can not be easily applied to other scenarios.
Although the Calibration process may be case study specific it is still a useful
tool as it allows for a greater understanding of the input parameters and any
uncertainty relating to these values and provides a means for propagating this
uncertainty through to the model output. This could be particularly useful in
cases such as containment dispersal in which a clear understanding of the con-
taminant levels and how this varies with uncertain model input is crucial as this
could mean the difference between safe and unsafe limits of exposure.
Geometry
The built environment comprises buildings of highly complex and intricate
design as well as a large number of street level obstacles which can disrupt the
flow. To model such detail within CFD would require a large amount of infor-
mation often not available. The construction of the geometry and mesh would
be extremely time consuming and the running of the CFD model would require
a great amount of computational power. Often such accurate and detailed flow
simulations are not needed. It is therefore necessary to simplify the geometry
used for the CFD model.
The geometry used in the modelling of the full scale street canyons was greatly
simplified. Two types of building geometry were tested; a flat roof and a pitched
roof model. It was found that the flat roof model offered the most favourable
predictions of airflow within the street when compared with field measurements.
The simple street canyon geometry implemented here has been used by many
researchers in the past when investigating flow field within streets. The results
of this study would suggest that such simple models can be valid in the research
into street canyon flow as they are capable of capturing the main flow features
in real life streets with complex geometry and providing reasonable quantita-
tive predictions of velocities. This is therefore a positive finding for this area of
research.
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It is however noted that the pitched roof model which offers a closer repre-
sentation of the full scale street geometry did not provide the best match with
experimental data. This raises the question as to whether the most accurate rep-
resentation of the real life geometry always provides the best predictions of the
flow. For example the Ahmed car [Ahmed et al., 1984] is a model car specifically
designed for wind tunnel and water flume testing. Its shape has been altered
from that of a traditional car in order to provide more accurate flow prediction.
Clearly the question of best method for simplification of building geometry is still
an open ended question and an interesting area for future research.
In addition to the building geometry, the street furniture also had to be sim-
plified. Three cases were tested: one which contained no street furniture, a second
in which sand grain roughness was applied to the floor of the domain and a third
in which two rectangular blocks running the length of the street were included
to represent the street furniture. The model containing no street furniture pro-
vided good predictions of wind velocities compared with field measurements with
the exceptions of the velocities at the lowest height on the upwind side of the
street. The model with sand grain roughness showed good predictions for the
velocities at lowest height within the street (e.g. pedestrian level) but an under-
prediction of velocities above this height. The third model predicted the shape
of the velocity profile within the street well but velocities were under predicted
at all heights. Therefore the street canyon without street furniture was chosen
to be used throughout this work. However in situations where wind speeds at
pedestrian level are of most interest, the sand grain roughness method may be the
most appropriate. Clearly this is an important area of research for flow within
the built environment and one which requires further work.
Turbulence Model Selection
One important consideration in CFD modelling is turbulence model selection
as this can impact not only the prediction of turbulence quantities but also flow
patterns. The model selected for use in this study was the k-ε turbulence model
due to its prolific use in previous street canyon studies thus allowing us to build
on the work of previous researchers.
This research found that adaption of the Standard k-ε model in the form of
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altering the model constants can provide improved predictions for atmospheric
boundary layer flow. This may present an opportunity to developers in the field
of CFD who are interested in providing new and updated turbulence models.
However any alterations to the k-ε model constants should be done with care as
improvement of the model for certain flow scenarios may be detrimental to other
scenarios. For example if the k-ε model is to be adapted for use in atmospheric
boundary layer flow it is likely that its use would be limited to these types of
flows only, as has been demonstrated in this research.
Running a simple CFD model of a street canyon and comparing it with wind
tunnel data found the Standard k-ε model was able to provide excellent prediction
of both flow patterns and velocity values within the street. Comparisons of TKE
data showed the Standard k-ε model was not able to accurately capture the peak
in turbulent kinetic energy which occurs above the roof of the upwind building.
Another limitation of the Standard k-ε model was found through analysis of field
measurements which found the turbulence within the street canyon to be un-
isotropic; the k-ε model is an isotropic turbulence model and therefore will not
fully be able to capture the turbulent field within the street.
Given these strengths and weaknesses the Standard k-ε model can be a viable
option in those cases in which turbulence is not deemed to be a significant factor.
However for those cases in which turbulence plays an important role, such as
pollution dispersion studies, it is recommended that other turbulence models are
investigated.
Tree Model
There have been a limited number of studies into how to include trees and veg-
etation within CFD models carried out in the past. The most popular method for
inclusion of trees for those authors who have attempted these studies is to include
the tree as a separate domain or sub-domain within the model with momentum
sink and turbulence source or sink. There has however been no comparisons of
such models against field measurements in order to validate their use.
The trees within this research were incorporated into the CFD model as porous
domains with momentum and turbulence sinks. Comparisons of the CFD results
against field measurements found good agreement of flow patterns within the
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street. Excellent prediction of wind velocities were given at greater heights within
the street. The CFD model was found to slightly over predict the velocities at
pedestrian height. This is partly due to the lack of street furniture within the
CFD model as well as the tree trunks being left out of the model. The tree
trunks were not included in order to simplify the geometry of the model. It is
recommended that further work be carried out into the significance of the effects
of the tree trunks.
The formulation of the both the momentum and turbulence sinks requires
the specification of the drag co-efficient and leaf area density. Thus a whole
range of tree types could be modelled provided these two coefficients are known.
Therefore a recommended useful extension to this work would be to determine a
set of guidelines for approximate values of drag coefficient and leaf area density
for example different tree species, sizes, seasons etc.
This method for inclusion of trees in CFD shows great promise due to its
ease of implementation and the fact that it does not require a large mesh, the
specification of a large number of unknown parameters or a great amount of
computational power making it a practical choice for those in industry. The
discussion presented here has highlighted some areas in which the model could
be improved or further work which would make the implementation of such a
model even more accessible.
In addition to providing guidance for fellow CFD modellers, the research car-
ried out for this PhD may also be of interest for software developers within the
field of CFD. Based on the methodology outlined in this research developers could
potentially add a utility to their CFD software which allows users to include the
effects of vegetation by simply specifying the region within the model which is
effected by vegetation and, if the information is available, the type of tree species
and time of year. This would offer a much more user friendly option to those
within industry to include the effects of vegetation when modelling large scale
urban areas.
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7.2 The Effect of Tree Planting on Airflow within
Street Canyons
In sections 5.4 and 6.4 of this thesis comparisons were made between airflow
within a non tree-lined street and tree-lined street. It was found that trees cause
significant disruption to the typical flow patterns we would expect to see in a
regular street canyon. They also lead to a reduction in wind speed and turbulence
within the street. The purpose of this section of the thesis will be to understand
the implications of these findings on issues relating to the built environment,
specifically pollution dispersion and pedestrian wind comfort.
7.2.1 Pollution Dispersion
The assessment of pollution levels in areas containing tree and vegetation planting
is a complex problem. Trees can extract pollutants from the air through biological
interactions with the pollutants and deposition on the surface of the tree. Trees
can also impact the airflow and ventilation within a street. These airflow processes
play a crucial role in removing pollutants away from pedestrian level and therefore
a full understanding of the effect trees have on such processes is vital.
Results of the research presented in this thesis found there to be the formation
of stagnation zones within the tree lined street. This was due to the presence
of the trees disrupting the rotational vortex within the street and causing the
centre of this vortex to shift position. This is illustrated in Figure 7.1 in which
the dark blue areas indicate locations of little or no airflow it can be seen that
these areas lie within pedestrian zones. A quantitative comparison of wind speeds
taken in tree-lined and non tree-lined streets showed a significant reduction at
pedestrian level within the tree-lined street. Table 7.1 shows the average reduction
in wind speeds for the tree-lined compared with the non tree-lined street taken
at pedestrian height (1.5m) and tree canopy height (6.8m) given by the CFD
results. These findings would suggest that the presence of trees can reduce the
level of ventilation which occurs at pedestrian level and thus have the potential
to result in higher pollution levels as pollutants remain trapped in regions of
stagnant airflow.
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Velocities at roof level are key in the assessment of pollutant removal and
ventilation of street canyons. The main method for pollutant removal for long
street canyons under perpendicular wind directions, such as the one investigated
here, would be via air exchange with the atmosphere above the street canyon.
Therefore the rate at which this occurs is vital in determining the ventilation
and air quality within the street. Results of the full scale CFD model carried
out for this research found that vertical velocities were reduced at roof level by
approximately half (see Table 7.2) for the tree-lined street. Therefore the tree-
lined street is 50% less effective at transferring pollutants from the street canyon
to the upper atmosphere thus leading to the potential for pollutant build up
within the street.
In addition to affecting wind speeds within the street, trees also have an impact
on turbulence levels. Comparisons of tree lined and non tree-lined streets found
a significant reduction in turbulence levels within the tree-lined street. This is
shown both graphically in Figure 7.2 and in quantitative form in Table 7.3. This
is thought to be due to presence of the trees breaking down large scale turbulence
into smaller scale turbulence which is quickly dissipated. This leads to an overall
loss in the TKE budget.
Turbulence is an important mechanism in the removal and dispersal of pol-
lutants from a street. Therefore such a reduction in turbulence levels is likely to
have a negative impact on pollution levels. It should be noted that the sampling
rate of the anemometer was 1 Hz and therefore any small scale turbulence would
not be detected. This highlights a limitation of the field measurements, how-
ever the results still indicate a clear reduction in larger scale turbulence which is
known to have the greatest effect on pollution transport.
7.2.2 Pedestrian Wind Comfort
Downdrafts and corner accelerations can lead to high wind speeds around build-
ings in pedestrian areas. Although such effects are not generally associated with
street canyon of the type studied here it is still worth putting the findings of this
investigation in the context of pedestrian comfort as the inclusion of trees is one
of the most commonly used mitigation tools against high wind speeds.
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Wind which can cause discomfort to pedestrians is generally defined as wind
effects which are noticeable to the pedestrian to the point of annoyance and will
lead to avoidance of certain areas. Wind safety refers to wind conditions which
have the ability to destabilise or cause pedestrians to fall thus causing distress or
danger to the pedestrian [Blocken and Carmeliet, 2004].
The criteria used to assess such wind effects in the built environment will
often involve a minimum wind speed threshold for discomfort and a frequency of
occurrence associated with the threshold. For example for an area to be com-
fortable for use as thoroughfare (e.g. passage from A to B) the associated wind
threshold may be 6m/s and the probability of exceedance 5%. This means wind
speeds of greater than 6m/s can not be exceeded for more than 5% of the year if
this area is to be suitable for comfortable walking.
The wind speed often used in the specification of these criteria is the gust wind
speed. This is a combination of both mean wind speed and turbulence levels as
follows:
Ug = U + k.σu (7.1)
Where Ug is the gust wind speed, U is the mean wind speed, k is a constant
and σu is the turbulence intensity. The factor k varies within literature between
the values of 1 - 6.
Turbulence and wind gusts are particularly important in the assessment of
wind comfort and safety as people tend to be more susceptible to sudden changes
in wind speed. For example Murakami and Deguchi [1981] reported the mean
wind speed needed to destabilise a pedestrian in a steady flow was 25 -33 m/s
where as Hunt et al. [1976] found that wind gusts (e.g. sudden change in wind
speed over the period of a few seconds) of 15 - 23 m/s was enough to cause to
destabilise or result in a safety issue.
This research undertaken for this PhD has shown the significant reduction in
wind speeds and turbulence that can be caused by the presence of trees within
the built environment. Since pedestrian comfort and safety is solely dependent on
both mean wind speed and turbulence, if implemented correctly trees can provide
a great aid in improving pedestrian wind comfort.
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Figure 7.1: Contour plots showing horizontal cross-section of normalised wind
speed for non tree-lined street (left) and tree-lined street (right) at height of
1.5m
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Figure 7.2: Contour plots showing horizontal cross-section of normalised TKE










Table 7.1: Percentage reduction in wind speeds at pedestrian height (1.5m) and






Roof Height 54 48
Table 7.2: Percentage reduction in vertical velocity at roof height for tree-lined







Field Measurements 60 44
Table 7.3: Percentage reduction in average turbulence intensities at pedestrian
height (1.5m) for tree-lined street as compared with non tree-lined street given




The research undertaken for this PhD set out to investigate the influence of
trees on airflow within street canyons and the capabilities of CFD in accurately
predicting such flow. This involved the successful modelling of airflow within a
tree-lined street using CFD techniques which showed favourable comparisons with
field measurements. The information gained from this process can offer guidance
to the CFD community on how to model the outdoor environment containing
tree planting.
In particular, difficulties in replicating a homogeneous urban boundary layer
were highlighted with strong interdependencies between the inlet boundary set-
tings, turbulence model and turbulence constants found.
Geometry specification within the CFD model was also found to be an impor-
tant consideration. Simplification of building geometry is often necessary in the
CFD modelling of an outdoor urban area. The idealised street canyon consisting
of two rectangular blocks was found to offer favourable prediction against field
measurement results which is in support of many previous studies which have
used this type of geometry.
Bayesian Calibration was found to be a useful method in quantifying and
reducing the amount of uncertainty associated with input parameters of CFD
models. One limitation of this process was found to be the fact that the calibra-
tion was case specific and the results did not readily apply to other scenarios.
The trees within the CFD model were represented as porous sub-domains
with momentum and turbulence sinks the values of which were dependent on the
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drag coefficient and leaf area density. This method was found to be successful
in providing favourable predictions against field measurement data and offers a
simple and effective way of including the effects of trees within CFD models.
The successful modelling of a tree-lined street within CFD along with the
analysis of field measurements allowed for a greater understanding of the effect
of trees on airflow within a street canyon. Under perpendicular and oblique wind
directions the presence of trees disrupts the rotational vortex within the street
resulting in complex inhomogeneous flow along the length of the street. Despite
this disruption, the presence of the trees do not prevent the vortex from forming.
It was found that the positioning and size of this vortex varied with location along
the length of the street with the centre of the vortex generally shifted towards
the downwind wall.
Wind speeds were found to be significantly reduced within the tree lined
street. Results of the CFD analysis found that wind speeds were reduced by 43%
on the upwind side of the street and 36% on the downwind side of the street at
a height of 1.5m. These values gave excellent agreement with field measurement
data which showed a typical reduction in v velocities of 46% on the upwind side
and 34% on the downwind side of the street.
The average magnitude of vertical velocities was found to reduce significantly,
with results from CFD analysis predicting an approximate 50% reduction at roof
level. Thus significantly inhibiting the mechanism of ventilation and air exchange
within the street.
Turbulence levels were also found to significantly decrease with the addition
of trees to the street, this is believed to be due to the presence of the trees
resulting in a short circuiting of the turbulent energy cascade by breaking large
scale eddies into small scale turbulence which quickly dissipates. Results of the
CFD model found reductions of between 67% and 78% in turbulence intensities
and field measurements showing a reduction of between 44% and 60 %.
Based on these findings it can be concluded that trees are likely to be a
useful aid in urban design reducing high wind speeds and turbulence thus helping
to create outdoor environments which are comfortable and safe for pedestrian
use. However the results also indicate that the addition of trees to streets can
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reduce the natural ventilation that occurs within street canyons and therefore
may lead to a build up of pollutants. This highlights the importance of obtaining
an accurate method for modelling and predicting the aerodynamic effects of trees
in order to ensure we optimise the beneficial effects of tree planting and minimise
any potential negative impacts. This research has provided the first step towards
this goal.
8.0.3 Opportunities for Further Work
The parameters of drag coefficient and leaf area density make up part of the for-
mulation of the mathematical model of the tree canopy. If this model is to be used
for more general applications it would be useful to have a set of guidelines these
values should take under different conditions. For example it may be that the
drag coefficient should vary with wind speed and the leaf area density will be dif-
ferent depending on the species and age of a tree. Guidelines on these parameters
would therefore allow for the easy implementation of trees and vegetation within
CFD models for the urban area. The formulation of these guidelines for leaf area
density would most likely be based around a large scale field measurement cam-
paign which may include measurement techniques such as laser scanning or leaf
sampling in order to obtain total leaf area and the volume of the canopy. Guid-
ance on the values drag coefficient for various tree types can also be obtained
through field measurements. However such measurements tend to be challenging
to obtain and therefore may need to be complemented by smaller scale testing
such as wind tunnel tests.
Due to the limited field measurement data set available, only spring / sum-
mer data was analysed. The flow effects induced by deciduous trees in winter are
expected to be considerably different to those in summer. Therefore it is recom-
mended that further work is carried out to understand the effect of seasonality
on airflow within tree lined streets as this is expected to have a significant effect
on both pedestrian comfort and pollution dispersion. An example of such work
would be to extend the current field measurement campaign carried out for this
research by collecting field data during winter months. This data could then be
analysed and compared against the current data set to gain an understanding
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into the effect that seasonality and leaf cover has on airflow within the street.
Only tree canopies were included in the CFD model, tree trunks were ne-
glected due to limitation on computational resources and meshing capabilities.
An extension to the current work would therefore be to include the tree trunks
within the CFD model in order to provide information on the effects the tree
trunks would have on the airflow. The inclusion of all tree trunks when mod-
elling a large urban area would likely be prohibitively time consuming due to
the time needed to create the geometry and mesh as well as running the model.
Therefore if the effects of the tree trunks are found to be significant enough to
warrant the inclusion within the CFD model ideally a simplified way of including
the effect of the tree trunks without explicitly modelling them would be found.
There is a limited amount of research available on the effect of street furniture
on flow within street canyons. Results of the field measurements carried out
showed that the velocity profile taken on the upwind side of the street did not
match the typical linear profile we would expect to find in an empty street canyon.
If we are to use CFD to provide accurate predictions of pedestrian level wind then
more research is needed into the effects of street furniture and how this may be
incorporated into the CFD model. One possibility in extending the current work
would be to carry out wind tunnel tests of the non-tree lined street in which field
measurements were taken and look at the effects of including street furniture
such as parked cars, hedge planting etc. and comparing the results with the field
measurement findings.
One limitation that was highlighted by the current works was the ability of
the k-ε model to accurately capture the turbulence levels within a street canyon,
both with and without tree planting. Currently there is a large amount of re-
search being carried out on which turbulence model offers the best prediction of
turbulence values in the built environment. Therefore an useful extension to this
work would be to investigate the impact of running the current CFD model with
different turbulence models and comparing against field measurements to see if
this could provide improved predictions of turbulence values.
Trees are complex biological organisms which interact with their environment.
One such interaction is evapotranspiration which accounts for the movement of
water within the plant as well as transfer with its surrounding environment. This
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process may have an effect on the trees macro wind climate and would therefore
be an interesting field of research to complement the work carried out in this
thesis. It may be possible to input the results of the CFD model conducted in
this research into a much smaller scale model that investigates flow around a single
tree or leaf in order to gain a greater understanding into the evapotranspiration
process.
In conclusion this research has shown that the addition of trees to streets can
reduce wind speeds and turbulence levels within the street. The potential impacts
of such wind effects would be beneficial from a pedestrian wind comfort and safety
point of view but may have a detrimental effect on pollution dispersion. There-
fore the results of this research has highlighted the importance of being able to
accurately predict and model the effect of trees on their local wind climate within
the built environment in order to optimise any beneficial effects and minimise any
negative effects tree planting may have. The research has provided a positive step
forward in achieving this goal through the inclusion of trees canopies within the
CFD model as simple porous sub-domains with momentum and turbulence sinks.
With the addition of the further work discussed in this section this method could
provide a useful tool within industry to aid in the design of urban environments
which are safe, healthy and comfortable for their inhabitants.
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Appendix 1
.1 Field Measurement Data
.1.1 Horizontal Measurements
10th March
Figure 1: Wind Rose of Weather Station Data Taken on 10th March
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(a) Vector Plot Taken on Drakefield Road on 10th March
(b) Vector Plot Taken on Streathbourne Road on 10th March
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11th March
Figure 2: Wind Rose of Weather Station Data Taken on 11th March
(a) Vector Plot Taken on Drakefield Road on 11th March
(b) Vector Plot Taken on Streathbourne Road on 11th March
214
16th March
Figure 3: Wind Rose of Weather Station Data Taken on 16th March
(a) Vector Plot Taken on Drakefield Road on 16th March
(b) Vector Plot Taken on Streathbourne Road on 16th March
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2nd April
Figure 4: Wind Rose of Weather Station Data Taken on 2nd April
(a) Vector Plot Taken on Drakefield Road on 2nd April
(b) Vector Plot Taken on Streathbourne Road on 2nd April
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5th April
Figure 5: Wind Rose of Weather Station Data Taken on 5th April
(a) Vector Plot Taken on Drakefield Road on 5th April
(b) Vector Plot Taken on Streathbourne Road on 5th April
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15th June
Figure 6: Wind Rose of Weather Station Data Taken on 15th June
(a) Vector Plot Taken on Drakefield Road on 15th June
(b) Vector Plot Taken on Streathbourne Road on 15th June
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30th June
Figure 7: Wind Rose of Weather Station Data Taken on 30th June
(a) Vector Plot Taken on Drakefield Road on 30th June
(b) Vector Plot Taken on Streathbourne Road on 30th June
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2nd July
Figure 8: Wind Rose of Weather Station Data Taken on 2nd July
(a) Vector Plot Taken on Drakefield Road on 2nd July
(b) Vector Plot Taken on Streathbourne Road on 2nd July
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5th July
Figure 9: Wind Rose of Weather Station Data Taken on 5th July
(a) Vector Plot Taken on Drakefield Road on 5th July




Figure 10: Wind Rose of Weather Station Data Taken on 6th June
Figure 11: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 6th June
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7th June
Figure 12: Wind Rose of Weather Station Data Taken on 7th June
Figure 13: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 7th June
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8th June
Figure 14: Wind Rose of Weather Station Data Taken on 8th June
Figure 15: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 8th June
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9th June
Figure 16: Wind Rose of Weather Station Data Taken on 9th June
Figure 17: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 9th June
225
10th June
Figure 18: Wind Rose of Weather Station Data Taken on 10th June
Figure 19: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 10th June
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25th July
Figure 20: Wind Rose of Weather Station Data Taken on 25th July
Figure 21: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 25th July. Red arrow has a scale of 1 m/s for reference and indicates
direction of background wind.
26th July
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Figure 22: Wind Rose of Weather Station Data Taken on 26th July
Figure 23: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 26th July. Red arrow has a scale of 1 m/s for reference and indicates
direction of background wind.
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27th July
Figure 24: Wind Rose of Weather Station Data Taken on 27th July
Figure 25: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 27th July. Red arrow has a scale of 1 m/s for reference and indicates
direction of background wind.
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28th July
Figure 26: Wind Rose of Weather Station Data Taken on 28th July
Figure 27: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 28th July. Red arrow has a scale of 1 m/s for reference and indicates
direction of background wind.
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29th July
Figure 28: Wind Rose of Weather Station Data Taken on 29th July
Figure 29: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 29th July. Red arrow has a scale of 1 m/s for reference and indicates
direction of background wind.
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2nd September
Figure 30: Wind Rose of Weather Station Data Taken on 2nd September
Figure 31: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 2nd September. Red arrow has a scale of 1 m/s for reference and
indicates direction of background wind.
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5th September
Figure 32: Wind Rose of Weather Station Data Taken on 5th September
Figure 33: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 5th September. Red arrow has a scale of 1 m/s for reference and
indicates direction of background wind.
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6th September
Figure 34: Wind Rose of Weather Station Data Taken on 6th September
Figure 35: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 6th September. Red arrow has a scale of 1 m/s for reference and
indicates direction of background wind.
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7th September
Figure 36: Wind Rose of Weather Station Data Taken on 7th September
Figure 37: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 7th September. Red arrow has a scale of 1 m/s for reference and
indicates direction of background wind.
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8th September
Figure 38: Wind Rose of Weather Station Data Taken on 8th September
Figure 39: Vector Plot Taken on Drakefield Road (Left) and Streathbourne Road
(Right) on 8th September. Red arrow has a scale of 1 m/s for reference and




Heights (m) West side of
Street
Heights (m) East side of
Street
06/06/2011 4 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
07/06/2011 4 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
08/06/2011 4 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
09/06/2011 4 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
10/06/2011 4 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
25/07/2011 4 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
26/07/2011 4 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
27/07/2011 4 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
28/07/2011 4 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
29/07/2011 4 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
02/09/2011 9 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
05/09/2011 9 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
06/09/2011 9 x 2-D, 1 x 3-D
1.5, 3.5, 4.5, 6.0, 7.0 1.5, 3.5, 4.5, 6.0, 7.0
07/09/2011 9 x 2-D, 1 x 3-D
1.5, 3.5, 4.5, 6.0, 7.0 1.5, 3.5, 4.5, 6.0, 7.0
08/09/2011 9 x 2-D, 1 x 3-D
1.5, 2.5, 3.5, 4.5, 6.0, 7.0 1.5, 2.5, 3.5, 4.5, 6.0, 7.0
Table 1: Table showing heights at which measurements were taken. Heights given in the same colour were taken
simultaneously
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Figure 40: Vertical profiles of v velocity component for Drakefield Road. Given
for the upwind side of the street (left) and downwind side of street (right).
Figure 41: Vertical profiles of w velocity component for Drakefield Road. Given
on the upwind side of the street (left) and downwind side of the street (right).
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Figure 42: Vertical profiles of v velocity component for Streathbourne Road.
Given for the upwind side of the street (left) and downwind side of street (right).
Figure 43: Vertical profiles of w velocity component for Streathbourne Road.




.2 CFD Model Set-up
.2.1 Benchmark Study - Boundary Layer Simulation
This section of the appendix provides the settings used in the specification of the
CFD model outlined in Chapter 4 Section 4.1.
.2.1.1 Computational Domain and Mesh Specification
The geometry of the empty wind tunnel was replicated in CFX. The dimensions
of the empty domain were 2m wide by 1.32m high by 3.24m long.
A total of six hexahedral meshes were tested with varying mesh size closest
to the floor of the domain. Details of each mesh size can be found in Table 2. A
sand grain roughness was applied to the floor of the domain. The height of the
sandgrain roughness must not exceed half the height of the cell next to the wall
therefore the sandgrain roughness was adjusted to equal half the smallest cell size
for all mesh tested.
Velocity, TKE and Turbulent dissipation profiles for each mesh were plotted
at 0.6m down stream of the inlet (see figure 44). This will be the location of
the first street canyon therefore these profiles will be the incident profiles for the
street canyon model.
Results of the mesh sensitivity test showed that the largest mesh size (mesh
1a) showed a noticible difference in the TKE and dissipation profiles produced
whereas the results of all other meshes remained similar. The difference in re-
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sults profile between mesh 3a and mesh 2a was less than 1% which is deemed
insignificant. Therefore mesh size 3a was chosen for use in this study as it offers
the best comprimise between total number of cells within the mesh and error due
to discritisation.
.2.1.2 Boundary Settings
Three different boundary layer CFD models were tested. All shared the same
settings except for the inlet conditions which varied as follows:
For the first model the experimental data obtained from the wind tunnel
data was input directly into the CFD model. The data consisted of velocity and
turbulence measurements taken at several heights. This was used to form the
velocity and TKE profiles at the inlet, Ansys CFX uses an interpolation function
in between the measurement location to form the full profile. The profile is
homogeneous across the width of the inlet.
The second model implements the inlet profiles first suggested by Richards and












the values of u* = 0.56 , z0 = 0.0008m were taken from the wind tunnel data.
































The empirical constant C1 took a value of 0.60 and C2 had a value of 0.83
respectively. These values were found by fitting a curve to the TKE data, this
was done using the Matlab function lsqcurvefit was used which solves non-linear











For all models the k-ε model parameter where left to their default value with
the exception of model three for which the value of σε was set according to
equation 4.8.
All other boundary conditions remained the same for the three models. The
outlet boundary was set to outflow with static pressure 0 Pa. The top of the
domain was set to a wall boundary with an applied shear stress of τ = ρu2∗ as
suggested by Richards and Hoxey [1993].
A sand grain roughness was used on the floor of the domain to simulate the
roughness blocks which were placed on the floor of the wind tunnel. This is
necessary in order to maintain a homogeneous boundary flow. The sand grain
roughness height was calculated based on half the height of the cell next to the
wall this gave a value of 0.006m.
The convergence criteria was set to 1x10−5 with an imbalance of less than 0.1%
as well as velocity and turbulence being monitored at several points to ensure
stable conditions were reached. Figures showing convergence of the residuals and
plots of the monitoring points can be seen in Figures 45 and 46.
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Table 2: Mesh specification for mesh sensitivity test for CFD urban boundary
layer model
Mesh Minimum cell size Maximum cell size Total number of cells
Mesh1a 0.048 0.03 74256
Mesh2a 0.024 0.03 340200
Mesh3a 0.012 0.03 1578150
Mesh4a 0.010 0.03 2397600
Mesh5a 0.008 0.03 4455000
Mesh6a 0.006 0.03 7394760
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Figure 44: Profiles for 6 different mesh sizes for velocity (top), TKE, (centre) and
turbulent dissipation (bottom)
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Figure 45: Graph showing RMS values of residuals for boundary layer CFD model
Figure 46: Graph showing TKE values at monitoring points for boundary layer
CFD model at various timesteps
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.2.2 Benchmark Study - Street Canyon Simulation
This section of the Appendix describes the settings used for the CFD model of
the idealised street canyon tested in the wind tunnel. This is discussed in Chapter
4, Section 4.2.
.2.2.1 Computational Domain and Mesh Specification
A fully three-dimensional CFD simulation of the Kastner-Klein wind tunnel ex-
periment [Kastner-Klein et al., 2001] was carried out using ANSYS CFX.The
building dimensions used in the CFD model were the same as those for the wind-
tunnel, 0.12m x 0.12m x1.8m and consists of two rectangular blocks.
An unstructured hexahedral mesh was used for this study. A mesh sensitivity
analysis was carried out in order to limit the error due to numerical approxi-
mation and domain descritisation. We know from the previous mesh sensitivity
analysis that a mesh size of 0.012m is needed at lower levels in the domain for
correct representation of the boundary layer. It has also been recommended that
a mesh size of H/10 (where H is the height of the building) should be used if the
correct flow features are to be captured surrounding the building. Therefore the
maximum cell size close to the ground and within the area of interest was taken
to be 0.012m. Five mesh sizes were tested. The different mesh sizes are described
in table 3. The minimum mesh size is the mesh size within the area of interest
which is the centre portion of the street canyon. The mesh outside this region is
increased with and expansion ratio of 1.2 to a maximum size of 0.03m.
Velocity, TKE and dissipation profiles were taken from within the centre of the
street canyon for all five meshes and are compared in figure 47. The results show
a significant difference in results depending on the mesh size used particularly for
TKE. At roof top level reducing the mesh size from 0.012m (H/10) to 0.003m
(H/30) results in 70% increase in turbulent kinetic energy. It appears that the
mesh within the canyon and immediately above the canyon needs to be fine
enough to capture the production of TKE at the leading edge of the upwind
building, without this gross underestimate of turbulence levels may occur.
The often quoted guideline of a cell size of H/10 within and immediately above
the canyon is reasonable if only a qualitative prediction of flow patterns is needed.
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If accurate predictions of turbulence quantities are required, such as simulation
of pollution dispersion, then a much finer mesh is recommended.
There was little to no difference in velocity profiles between mesh 4 and 5 and
a maximum difference of 5% for the TKE values therefore it was decided mesh 4
could provide a reasonable level of accuracy for this study.
.2.2.2 Boundary Settings
Chapter 4 Section 4.1 investigated the most appropriate boundary conditions
to create the correct boundary layer flow of the wind tunnel. Based on these
findings the profiles used to specify the velocity, TKE and dissipation at the inlet
are given by equations 4, 5 and 6. The outlet boundary was set to outflow with
static pressure 0 Pa. The top of the domain was set to a wall boundary with an
applied shear stress of τ = ρu2∗ as suggested by Richards and Hoxey [1993].
The sand grain roughness was set at a height of 0.006m based on equation the
findings of the boundary layer simulation. This roughness parameter was applied
to the floor of the domain apart from in the region containing the buildings. No
roughness was applied in this area.
The convergence criteria was set to 1x10−5 with an imbalance of less than 0.1%
as well as velocity and turbulence being monitored at several points to ensure
stable conditions were reached. Figures showing convergence of the residuals and
plots of the monitoring points can be seen in Figures 48 and 49.
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Table 3: Mesh specification for mesh sensitivity test for CFD street canyon model
Mesh Minimum cell size Maximum cell size Total number of cells
Mesh1 0.012 0.03 690400
Mesh2 0.008 0.03 1338300
Mesh3 0.006 0.03 1578812
Mesh4 0.004 0.03 3099600
Mesh5 0.003 0.03 5142980
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Figure 47: Vertical profiles of streamwise velocity component, u (top), TKE
(middle) and dissipation (bottom). Mesh1 - blue, mesh 2 - green, mesh 3 - red,
mesh 4 - light blue, mesh 5 - purple
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Figure 48: Graph showing RMS values of residuals for street canyon CFD model
Figure 49: Graph showing velocity values at monitoring points for street canyon
CFD model at various timesteps
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.2.3 Full Scale Street Canyon Model
This section of the Appendix describes the CFD model setup for the full scale
tree-lined and non tree-lined street canyons described in Chapter 6 Sections 6.2
and 6.3
.2.3.1 Computational Domain
Accurately reproducing the 3-dimensional building geometry for use in a CFD
simulation requires a large amount of information to create the model as well as
a great amount of time and computational cost in running the simulation. It is
therefore often necessary to simplify the building geometry when creating a CFD
simulation of an urban area without adversely affecting the main features of the
flow.
For the case being considered details such as bay windows, narrow gaps be-
tween buildings and facade detail was neglected. Such details will have a localised
effect on the flow but the significance of such effects is not well known. This is
suggested as an area for future work. The buildings were modelled as simple
rectangular blocks with two types of roof geometry.
The dimensions of the CFD model with both flat and pitched roof can be seen
in figure 52. The length, width and height of the street were taken during the
field measurement campaign. The street upwind of Drakefield Road is included
as is the garden space in-between the streets. The distance between the inlet
and the first street is 75m the distance between the final street and the outlet
is 180m and the height of the domain is 120m. This is in line with the COST
best practice guidelines [Franke et al., 2011] which states the distance between
the inlet and upwind buiding should be at least 5H, the distance between the
downwind building and outet should be 15H and the distance to the top of the
domain should be at least 5H, where H is the height of the tallest building being
modelled.
Street Geometry Two simple roof shapes were tested to see if they could
provide a reasonable prediction of the flow patterns within the street. These were
a pitched roof and flat roof see figure 50.
Choosing these simple roof shapes allows for easier comparison with previous
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research as well as reducing the amount of computational power required due to
a smaller mesh size. The pitched roof offers a good approximation to the true
roof geometry, however where the dorma windows are located the flat vertical
facade of the building extends to the full height of the building. Therefore wind
within the street canyon at roof level will be subject to both the sloped section
of the roof and the vertical wall of the dorma window which will have an impact
on the flow.
Tree Geometry The geometry of the trees was simplified for inclusion in
the CFD model with the tree crowns being modelled as ellipsoids and the tree
trunks omitted. The effect of the tree trunks on the flow field is suggested for
future work. The dimensions and spacing of the trees were determined from on
site field measurements. See figure 51 for details of the 3-D model.
.2.3.2 Mesh
An unstructured hexhedral mesh was used for this study. The mesh size was
determined based on the mesh sensitivity tests carried out for the previous studies.
The mesh was refined at the central portion of each street and increased in size
away from this point with an expantion ratio of 1.2 Prisim layers were implemente
on the floor of the domain and the buildings within the domain to ensure the
flow at the wall was correctly modelled. The total mesh size was 6.5 million cells.
This consisted of an unstructured tetrahedral mesh with prism layers on floor of
domain. Refinement regions were placed around the streets of interest and trees.
.2.3.3 Boundary Settings
Atmospheric Boundary Layer Specification
A discussion on the appropriate choice of inlet profiles and boundary setting
for specification of the atmospheric boundary layer has been made in Section 4.1.
It was concluded that the most appropriate choice of inlet profiles for velocity,
turbulence kinetic energy and turbulence dissipation were those specified by Yang
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The implementation of such profiles requires the specification of the frictional
velocity, u∗, the roughness length, z0 and the empirical constants C1 and C2. The
value of these constants is often derived from experimental measurements.
In the absence of any measurement data for the atmospheric boundary layer
over the site of interest, the ESDU method was implemented in order to deter-
mine predicted profiles for the mean wind speed and TKE profiles. The ESDU
items [Engineering Sciences Data Unit, 1984] provides a simplified method of esti-
mating the variation of design wind speed with height above the ground and with
terrain roughness. Full details regarding the calculation methods can be found
in Engineering Sciences Data Unit [1984]. Based on the predicted wind profiles
provided by this method along with an assumed roughness length of z0 = 0.3
values can be found for frictional velocity, u∗ and the the empirical constants, C1
and C2. These values are provided in table 4.
Tree Specification
It was decided to test two different models for the inclusion of trees within
the CFD model. These are as follows:
• Solid tree crown
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• Porous domain with momentum and turbulence source term
Solid Tree Crown Model
The surface of the tree crowns was included in the CFD model as a no slip
boundary wall
Porous Tree Crown Model with Momentum and Turbulence Sink
Section ?? discussed the aerodynamic effects of trees. The main effects can be
summarised as a reduction in momentum due to the drag produced by the tree,
the addition of turbulence kinetic energy due to vortex shedding from leaves and
branches and the destruction in turbulence kinetic energy due to the short cir-
cuiting of the Kolmogrov scale from the breakdown of large scale turbulence into
much smaller scale turbulence which quickly dissipates. In order to incorporate
these effects into the CFD model the following terms were added to the transport
equations for momentum, turbulence kinetic energy and turbulence dissipation
following the formulation of Sanz [2003], Katul et al. [2004]:
Su = −ρCdLADuiU (10)
Sk = ρCdLAD(βpU





3 − Cε5βdUk) (12)
Where Su is the term added to the momentum transport equation, Sk is added
to the TKE equation and Sε is the term added to the dissipation equation. ρ
is the density of air, Cd is the drag coefficient of the canopy, LAD is the leaf
area density, βp is the fraction of mean kinetic energy that is converted into wake
turbulence kinetic energy, βd the coefficient that accounts for the short-circuiting
of the eddy cascade and Cε4 and Cε5 are closure constants. The values of these
parameters are given in table 5.
The value for the drag coefficient Cd = 0.8 was taken from Roodbaraky [1994]
who carried out full scale experiments on a London Plane tree to determine a
drag coefficient of 0.8 (see section 3.4.0.4).
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The value for the leaf area density, LAD = 0.78, was obtained using the
formulation of Paula J. Peper [2001] to find the total leaf area. This was calculated
for each tree within the area of interest based on the diameter at breast height
(dbh) of the trunk. This value was then divided by the estimated crown volume
(based on measurements of crown diameter and height) to find the leaf area per
unit volume (LAD).
The values for C4, C5, βp and βd are empirical closure constants and were
taken from Katul et al. [2004].
.2.3.4 Other Settings
The wind direction specified in the CFD simulation will be perpendicular to the
street axis. This is the most commonly studied wind direction in street canyon
literature allowing for easy comparison with other research and the results from
our previous section. The reference wind speed at a height of 20m was chosen to
be 4m/s as this represents typical conditions measured at the weather station.
The top boundary of the domain was specified as a no slip wall boundary with
a specified shear of τ = ρu2∗ as suggested by Richards and Hoxey [1993]. The side
boundaries of the domain were set to symmetry boundaries. The outlet of the
domain was set to pressure outlet. The floor of the domain outside of the streets
had a specified sand grain roughness of 0.5m, the floor of the domain within the
streets was specified as no slip.
The turbulence model used was the standard k-ε model with the default model
constants.
The convergence criteria was set to 1x10−5 with an imbalance of less than 0.1%
as well as velocity and turbulence being monitored at several points to ensure
stable conditions were reached. Figures showing convergence of the residuals and
plots of the monitoring points can be seen in Figures 53 and 54.
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Table 5: Parameters used in specification of CFD canopy tree model
Cd LAD C4 C5 βp βd
0.8 0.78 0.9 0.9 1 5.1
Figure 50: Roof geometry used in CFD models and real life roof geometry
Figure 51: Geometry used in CFD model of tree-lined street
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Figure 52: Geometry used for full scale CFD model
Figure 53: Graph showing RMS values of residuals for full scale CFD model
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Figure 54: Graph showing velocity values at monitoring points for full scale CFD
model at various timesteps
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